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The main objective of this work is the numerical and experimental
study of the velocity and temperature elds in complex domains
like those encountered in computers or other electronic refrigerated
systems with printed circuit board (PCB). Cooling is one of the
main challenges these devices have to deal with. Heat removal from
the electronic circuit devices has become an important issue to take
into account during their design. PCB's are electronic circuits that
generate heat by Joule eect and need to be cooled down. They
are becoming smaller and therefore some warming problems appear
that lowers their eciency and lifespan. The study of the velocity
and temperature elds is closely connected with the analysis of the
spatial and temporal evolution of the ow structures found in PCB
enclosed cavities and with the understanding of the inuence of
the geometry, the inlet uid velocity and plate temperature in the
cooling process of the PCB.
In this work all this items have been analyzed by means of numer-
ical simulation and experimental analysis. The rst has been done
employing the numerical method caa3d [1] that uses, a spatial dis-
cretization based on block-structured, non-orthogonal body tted
grids solves the 3D incompressible Navier-Stokes equation inside
PCB enclosures. Numerical simulations for two dierent PCB ge-
ometry congurations are analyzed using Reynolds numbers from
100 to 10000.
The experimental part of the work has been done with Particle
Image Velocimetry (PIV). This technique is used to acquire the
experimental velocity eld in a simplied model of a PCB. Ex-
perimental results have been obtained for three Reynolds num-
bers, considering three dierent plate temperature congurations
(no temperature dierence between the plate and the uid, a tem-
perature dierences of ∆T = 10◦ C and ∆T = 30◦ C). In order to
simultaneously analyze two parallel planes in the PCB, a method to
generate and record at the same time two polarized light planes has
been implemented. PIV analysis technique is applied separately to
each plane to obtain two simultaneous velocity elds. Consecutive
measurements, in which only the distance between laser sheets is
iii
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changed, allow to observe space and time evolution of the dynamic
structures of the ow.
In the top sections for both geometrical congurations, the dy-
namic eld shows ow structures such as a pair of quasi-symmetric
counter-rotating vortices while at the bottom sections the ow be-
havior depends on the geometry. In the closed geometry the pair
of quasi-symmetric counter-rotating vortices remains instead in the
open geometry those structures disappear giving way to smaller
ones. Being these results veried for both experimental and numer-
ically techniques. The existence of a recirculation region beneath
the plate at the entrance of the bottom channel obtained previously
[1] for the open geometry was veried.
The temperature eld is practically the same above the plate encas-
ing the PCB, dierences appear below the plate. While analyzing
the plane just below for the open geometry the main consideration
is the presence of a hot zone. The results obtained indicate that
the cooling of the PCB is more ecient for the closed geometry.
Small changes in the PCB geometry modify the velocity ow eld
allowing the formation of new vortical structures in the bottom
channel of the PCB that enhance the heat transfer between the
uid and the plate. A deeper knowledge of the behavior of these
structures can lead to a better enclosure design that can perform
more eective heat dissipation in the PCBs.
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Nowadays, electronic circuit devices can be found everywhere around us. Print-
ed circuit boards (PCB) are an essential part of computers, audio and video
devices, automobiles or airplanes, and also in less common applications as
diverse elements of spacecrafts and telecommunication satellites. Cooling is
one of the main challenges these devices have to deal with. Heat removal
from the electronic circuit devices has become an important issue to take into
account during their design. PCB's are electronic circuits that generate heat
by Joule eect and need to be cooled down, usually done by air (Fig. 1.1).
This is a problem of uid ow in complex domain where we can nd the
coexistence of laminar and turbulent uid regions and heat transfer eects by
natural/forced convection, conduction and radiation. A good review of the
available convection options for cooling electronic equipment can be found in
Incropera [2]. Diculty grows by the fact that there is a trend to reduce the
size of the PCB enclosures to t the needs of the manufacturers. This increases
the warming problems and is the cause of a reduction of the PCB's eciency
and lifespan. Several studies can be found among literature dealing with the
analysis of heat transfer characteristics of 2D and 3D arrays of regular heated
blocks as the ones developed by Asako et al. [3], Fushinobu et al. [4] or
Jubran et al. [5]. There is also a lot of work done on conjugate heat transfer
problems where convection and conduction occurs simultaneously (i.e. Heindel
et al. [6]). In general, a large number of experimental and numerical uid ow
analysis in complex domains can be found in the literature. One example is
Chiang et al. [7] that made the heat transfer analysis taking into consideration
heat-generating components like a central processing unit (CPU), hard disk
(HDD) and adaptive cards in dierent locations in a 3D desktop computer
with two side-wall fans. They used the CFD program PHOENICS to simulate
the thermal behavior inside an enclosure at three Reynolds numbers for four
dierent cooling fans placements. Concluding that, the thermal behavior of
the ventilated enclosure depended on the geometric conguration of the heat
sources and the cooling fans.
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Figure 1.1: Computer motherboard is an example of Print Circuit Boards. (PCB)
On the other hand, it is possible to nd specic software to design the cav-
ities for PCBs. Protocase Designer [8] is commercial software that specically
deals with the cavity design. ESTIMA [9] is another software package devel-
oped for numerical prediction of the coupled electrical and thermal elds in a
PCB with active electrical or electronic components. It includes the modeling
of the conduction heat transfer through an heterogeneous solid (board and
tracks) with temperature dependent physical properties, the modeling of the
electrical eld, submitted to local dierences in resistivity and also to hetero-
geneities (tracks, solders and jumpers), and the thermal modeling of electrical
(fuses, relays) and electronic (solid state relays) components.
Despite all these works, very few are focused in the relationship between
the uid ow structures inside the housing and their eect in the heat transfer
process needed for the cooling of PCB's. Usera et al. [1] have used both exper-
imental and numerical techniques for determining the velocity eld in a cavity
with PCB's. They analyze a model of PCB enclosure with a single entrance of
refrigeration uid and one uid out in an opposite location. PCB is modeled
as a single plate located in the plane of symmetry of the housing. These stud-
ies show the existence of an alternate vortex shedding that can be considered
important for the heat transfer process. The main objective of this work is to
analyze the spatial and temporal evolution of the ow structures found in PCB
enclosed cavities to understand the inuence of the geometry in the cooling
process. The large scale structures present will aect the heat transfer between
the PCB and the uid and can be responsible of the production of "hot spots"
which generate local mechanical wear. The overall aim of the ongoing research
is to investigate how small changes in the shape of the PCB can modify the
2
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velocity eld and in consequence the temperature distribution on its surface.
In this work the results at dierent Reynolds numbers will be analyzed and
compared for two PCB congurations for constant physical properties. Cases
with temperature dependent physical properties were checked too. A deeper
understanding of ow structures and temperature eld distribution can lead
to a better enclosure design, improving heat dissipation of the PCBs.
1.1 Backgrounds
This work could be considered a continuation of two previous works on PCB
made in ECOMMFIT group. Initially the concern for solving problems of
heat removal from electronic circuit devices was addressed through software
ESTIMA. The numerical prediction of the coupled electrical and thermal elds
in a PCB with active electrical or electronic is made by this software.
Figure 1.2: Visualization of thermal eld [9].
The conduction heat transfer through an heterogeneous solid with temper-
ature dependent physical properties, the electrical and the thermal eld (Fig.
1.2) of electrical (fuses, relays) and electronic (solid state relays) components
are modeled with this software. In ESTIMA the electric eld is computed
on a uniform 2D mesh while the thermal eld is computed in a 3D mesh,
using nite-dienrence/nite-volume approaches respectively. Dierent inter-
faces have been considered, like the substrate-track, the substrate-pin and the
substrate-hole and can simulate single or double-sided PCB's with pins or vari-
able length jumpers. ESTIMA has also a specic user-friendly interface that
3
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allows the user to perform the operations involved in the denition of the board
and the computation of the resulting elds. The predictable capability of ES-
TIMA have been evaluated by Lear R&D department and the tendencies and
quantitative values shown fairly good agreement even for extreme operating
conditions. It is important to note that ESTIMA's predicted elds are local
and the PCB, in many cases, are located in a junction box [9]. In the automo-
tive industry high power PCB's coexist with electronic boards in progressively
smaller junction boxes (Fig. 1.3).
Figure 1.3: Example of 3D streamlines in a junction box.
In this sense, the next step was to study the temperature distribution and
ow eld in a junction box. These step have been done by Usera et al. [1].
Large-structures of the turbulent ow have been analyzed experimental and
numerically. One of the most common methods to measure the velocity eld of
uids using digital image processing is the digital particle image velocimetry
(DPIV). This method has the advantage of being non-intrusive, indirect and
very accurate determining the ow velocity eld. Experimental DPIV data
have been used to validated the in house ow solver caa3d.MB. The PCB
enclosure is a rectangular box with a single entrance of refrigeration uid
an one uid out in an opposite location. The PCB is modeled as a single
homogenous plate shorter than the box length. Tracks, solder and jumpers
are not considered. Experimental data was compared with numerical data
obtained with a grid made of ve regular blocks of resolution h/40. A single
value of Reynolds number was chose to make the comparisons.
4
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL AND EXPERIMENTAL MODELING OF FLUID FLOW AND HEAT TRANSFER PROCESSES IN COMPLEX GEOMETRIES 
Sylvana Verónica Varela Ballesta 





A schematic representation of the PCB system considered in this study is
shown in Fig. 1.4a. The system consists of a rectangular box with two square
section openings of side h = 0.024 m working as inlet and outlet for the
circulating uid.
Figure 1.4: Model's sketch, a three dimensional view, b and c Top view of the two studied
models.
The ow entrance's cavity is carried out trough a square base block of h×h
and 8h long, outlet block has the same base dimensions and 4h long. The inlet
block is longer than the outlet one to minimize perturbations. The size of the
housing is 6h × 3h × 2.5h with a central plate simulating the PCB placed in
the plane of symmetry of the box. Two dierent geometries of this central
plate are analyzed. The rst one is a rectangular prism 3h wide, 0.5h high
and 5h long that was studied before by [1]. The second case corresponds to
a rectangular prism 3h wide, 0.5h high and 6h long with an h × h opening.
In this conguration, the junction box model can be considered as the sum of
two channels, the top and the bottom ones with size of 6h long, 3h wide and h
tall. To help dierentiate among congurations we refer to the rst one (Fig.
1.4b) as the open geometry and the second (Fig. 1.4c) as the closed geometry.
The PCB system has been studied experimentally using PIV techniques
and numerical using the solver caa3d.MB [1]. In the following chapters, the
5
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experimental setup and domain-based numerical scheme presented 1.4a will
be explained.
1.3 Objectives
The main objective of this work is to analyze the spatial and temporal evolu-
tion of the ow structures found in PCB enclosed cavities to understand the
inuence of the geometry, the inlet uid velocity and plate temperature in the
cooling process of the PCB. To accomplish this objective the listed task bellow
need to be followed:
• Analyze the ow structures in a printed circuit box enclosure model
• Establish the eect of the variation in the uid velocity at the entrance
of the enclosure in the ow structures
• Study the impact of the variation on the PCB geometry in the ow
structures present in the enclosure
• Analysis the inuence of the PCB's temperature in the ow structures
• Investigation of how the ow structures aect the refrigeration process
of a heated PCB model, including changes in velocity and geometry.
• Adjustment of the existing experimental enclosure model for its use with
a heated PCB model.
• Design of the experimental setup to work with heated PCB model
• Improvements of the PIV software to analyze the images obtained
• Development of post-processing software to analyze the velocity and tem-
perature elds obtained form experimental and numerical simulations.
• Implementation of a PIV multi plane method to generate and record two
parallel planes with polarized light in order to estimate the space and
time correlation of the ow structures
• Use of the caa3d software to simulate the ow in the PCB enclosure.
• Generate the numerical grids and specify the initial and contour condi-
tions for the simulations
• Analyze the eect of considering constant/non constant physical prop-
erties in the caa3d software
• Comparing numerical and experimental results for equal working condi-
tions
6
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Fundamentals of Digital Particle
Image Velocimetry
In recent years several methods have been developed to measure the velocity
eld of uids using digital image processing. One of the most common methods
is the digital particle image velocimetry (DPIV). This method has the advan-
tage of being non-intrusive, indirect and very accurate determining the ow
velocity eld. The method was developed by Adrian in 1988 [17] and general-
ized in the following years, among others, by Westerweel [18], [19], [21]. The
experimental set-up of a DPIV system consists in illumining the uid region
to be studied with a thin laser sheet and capturing two consecutive images by
a digital camera.
In order to allow the uid visualization, particles with similar density have
to be added to the ow, these particles called tracers follow the movement of
the uid without disturbing it. Tracers have a random distribution, generating
what is called a tracer's pattern. The light scattered by the particles is recorded
on a camera, thus generating a set of images separated by an interval of time
∆t. As it is shown in the schematical arrangement present in Fig. 2.1. An
important condition for achieving optimal implementation of the technique is
that the time between two successive images have to be short enough so that
the tracers appearing in an image also appear in the next, and long enough,
to appreciate the particles movement.
The implementation of DPIV standard algorithms are based on statistical
methods [20], either autocorrelation or cross correlation between two consec-
utive images, allowing to estimate the relative displacement of the particles.
For this purpose each image is divided into subdivisions called interrogation
windows (W ) and assume that all particles within W move uniformly during
the period of time between each image.
The essential problem of the standard algorithm arises from the cross-
correlation of two interrogation windows with the xed size and position. The
standard algorithm provides relatively reasonable velocity vectors; however,
7
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
Figure 2.1: Schematic arrangement for particle image velocimetry.
its accuracy becomes deteriorated and sometimes produces error vectors due
to the losses of many particle pairs in a complex ow region.
To resolve ow structures much smaller than the interrogation windows
the Local Field Correction Particle Image Velocimetry (LFCPIV) has been
employed [22]. This method has a remarkable capability for accurately resolv-
ing small scale structures in the ow, down to a few times the mean distance
between particles.
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2.1 PIV basic principles
2.1 PIV basic principles
Before introducing the cross-correlation method in the evaluation of a PIV
image, the task should be dened from the point of view of image processing.
First of all, a pair of images containing particle images has been recorded from
a light sheet. The second image is recorded a short time later, during which
the particles will have moved according to the underlying ow. Given this
pair of images, the objective is to measure the straight-line displacement of
the particles. The image pair can yield a eld of linear displacement vectors
where each vector is formed by analyzing the movement of localized groups
of particles. In practice this is accomplished by extracting small samples or
interrogation windows and analyzing them statistically (Fig. 2.2).
Figure 2.2: Conceptual arrangement of frame-to-frame image sampling associated with
double frame/single exposure PIV.
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
With both images I and I ′ known the aim is to estimate the displacement
eld. The fact that the images are not continuous, the dark background cannot
provide any displacement information, makes it necessary to estimate the dis-
placement function using a statistical approach base on interrogation windows.
Rather than estimating the displacement function analytically the methods of
choice is to locally nd the best match between the images in a statistical







I(i, j)I ′(i+ x, j + y) (2.1.1)
The variables I and I ′ are the samples as extracted from the images where
I ′ is larger than the template I. For each choice of sample shift (x, y), the
sum of the products of all overlapping pixel intensities produces one cross-
correlation value RII(x, y), by applying this operation for the range shifts
(−M 5 x 5 M,−N 5 y 5 N) a correlation plane with size (2M+1)×(2N+1)
is obtained. Where M and N are limits of the window shift, in general M
and N are choose equal and base-2 even though mathematically there is no
restriction.
Essentially the cross-correlation function statistically measures the degree
of match between the two samples for a given shift. The highest value in
the correlation plane can be use as a direct estimate of the particle image
displacement. Upon examination of this direct implementation of the cross-
correlation function two things are evident: the number of multiplications per
correlation value increases in proportion to the interrogation window area and
the cross-correlation method inherently recovers linear shifts only. The direct
implementation of the cross correlation function is not ecient because in a
typical PIV interrogation sampling windows cover on the several thousand
pixels. Thus, millions of multiplications an summations have been performed
to obtain only one correlation plane. A more ecient alternative to compute
the cross-correlation function is the use of the correlation theorem which states
that the cross-correlation of two functions is equivalent to a complex conjugate
multiplication of their Fourier transforms:
RII ⇐⇒ Î · Î ′
∗
(2.1.2)
where Î and Î ′ are the Fourier transforms of the functions I and I ′, respec-
tively. The tedious two-dimensional cross-correlation process of eq. 2.1.1 can
be reduced to computing two two-dimensional Fast Fourier Transforms (FFT)
on equal sized samples of the image followed by a complex-conjugate multipli-
cation of the resulting Fourier coecients.
These are inversely Fourier transformed to produce the actual cross-correlation
plane which has the same spatial dimensions, N × N as the two input sam-
10
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2.1 PIV basic principles
Figure 2.3: Schematic representation of the formation of the correlation plane.
ples (Fig. 2.3). The computational eciency of this implementation can be
increased further using the symmetry properties between real valued functions
and their Fourier transforms. The process used in schematic representations
is shown in Fig. 2.4. The FFT's computational eciency is incremented
Figure 2.4: Implementation of cross-correlation using Fast Fourier Transform.
by recursively implementing a symmetry property between the even and odd
coecients of the FFT. The most common implementations require the input
data have a base-2 dimension (i.e. 32× 32 pixels or 64× 64 pixel sample). For
these reason typically interrogation window sizes range from 8 to 128 pixels
depending on the size of the digital image, the seed particle size and seeding
density. The subdivisions are determined by the grid spacing and interroga-
tion window size. The grid spacing is the space between measurements in the
image. For example, a grid spacing of 4 pixels means that the nal output
will have a velocity every 4 pixels in the image, or a 64 × 64 grid of velocity
measurements for an image size of 256 pixels.
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
2.2 Advanced techniques
In this work the image processing has been made through a Matlab Program
set of routines by means of simple algorithms. In brief, the program consists
of one main Matlab le and several external les; all programs have been writ-
ten as functions and are interdependent. This PIV Matlab package has been
developed by several members of ECOMMFIT group. The main le allows
obtaining the velocity eld of the ow and contains many options which can
be changed for the necessary conditions of the ow and the image properties.
The program is open and allows new options to be added to obtain a velocity
eld as desired. Some of these options are related with higher methods that
improve the performance and accuracy of the PIV technique. Most important
methods will be explained in detail in the following sections.
2.2.1 Use of clean up mask
From the time series of PIV images the time history of the illumination at
each image location or pixel is available, and its statistical properties can be
analyzed. For instance, the median value of the illumination at each point
provides information regarding the permanent background illumination which
reveals the existence of spurious reections, or stick to the wall particles that
adversely aect the detection of the actual displacement of the particles [23].
The use of the median rather than the mean makes the procedure more robust
although more costly. Figure 2.5 present a typical image which has reections
on the corners.
Figure 2.5: Image with reections.
The main advantage of the procedure is to avoid spurious correlation peaks
due to the presence of permanent bright spots. Rather small, distributed, per-
manent spots as those appearing along the upper edge are especially important
to remove, since they tend to 'lock' the correlation to null displacement. Figure
2.6a presents a 64×64 pixels close up region of the eld of view, near a corner,
for one single instantaneous image. Figure 2.6b shows the median image from
a time series of 512 images, while Figure 2.6c displays the dierence between
12
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Figures 2.6a and 2.6b. It can be clearly observed that the large reection on
the upper left corner has been removed.
Figure 2.6: Reections removal by median estimator across time series. a Original image,
b median image, c dierence image.
In many cases large reections cause the saturation of areas involving sev-
eral pixels, so that particle image information can not be recovered there.
However, in the case where 'mild' reections occur, not reaching the satura-
tion level, image particle information can still be recovered by proper treatment
of the local brightness histogram.
2.2.2 Triple image correlation
The loss of correlation due to out of plane displacement or other problems that
operate spurious vectors can also be mitigated when dealing with well resolved
time series of PIV images [23]. A time series of PIV images will be considered
to be "time resolved" if the time step between measurements is smaller than
the Taylor micro scale of the turbulent ow under study. Since this scale
governs the initial decay of the auto-correlation, the condition implies that
signicant correlation exists between consecutive measurements [23].
Any given image can in principle be paired with either the next or previous
image in the time series. As long as the out of plane displacement is kept
smaller than half the laser sheet thickness, every particle present in one image
will have its counterpart in either the next or previous image of the time series.
A correlation algorithm involving the three images should prove more robust
to out of plane motion than the usual single pair correlation algorithm. The
algorithm used here implements this strategy by multiplying both correlation
planes in order to improve the peak detection. This leads to the attenuation of
the spurious correlation peaks appearing in only one of the correlation planes,
while increasing the absolute height of the valid peak. The scheme for the
proposed 'triple image' correlation is illustrated in Fig. 2.7.
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
For the image frame corresponding to time ti in the time series, two corre-
lation planes are obtained from the image pairs (ti−1, ti) and (ti, ti+1). These
correlation planes are combined (multiplying them) into the lower correlation
plane showed in Fig. 2.7, which exhibits an enhanced correlation peak. As
Figure 2.7: Scheme of triple image correlation and sample of correlation peak improvement.
the Fig. 2.7 shows the peak obtained from the triple correlation approach is
more clearly detectable than the corresponding peaks on the standard (double)
correlation planes. This is the result of the cancelation of those spurious peaks
than appear in only one of the two correlation peaks, which can occasionally
attain higher values leading to the erroneous estimation of the displacement
of the particles.
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2.2.3 Window interrogation near wall boundaries and LCF
method
Another implementation used is the PIV Local Field Correction method (LFC-
PIV)[22]. This method improves the nal resolution and is able to resolve ow
structures smaller than the interrogation window. PIV processing is done
by the usual cross-correlation procedure that takes two consecutive images
to compute velocity vectors at the grid nodes furthermore the triple image
correlation method is applicable too. The process is iterative and the values
obtained in the rst iteration are corrected in consecutive step, thus, the image
is redened through compensation of the particle pattern deformation caused
by the velocity gradients in the ow eld.
To improve the resolution near the wall domain, a interrogation window,
partially outside the domain could be selected (Fig 2.8). In this case the
resulting velocity vector estimation from the interrogation process should be
assigned to a point inside the PIV image, since the only valid information is
provided by those pixels covered by the interrogation area that also lay within
the image boundary.
Figure 2.8: Sketch of a PIV image boundaries, and samples of inner interrogation areas
(a, b) and boundary aected interrogation areas (c, d).
The geometric centre of the interrogation area is not the correct place-
ment for the obtained velocity vector estimation. Caution must be exercised
in order to correctly determine the actual location of the velocity vector esti-
mation delivered by the interrogation process. This issue is performed using
a given weighting function [25]. For inner locations, separated from the im-
age boundary, by more than half of the interrogation area size (IAs/2), the
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
Figure 2.9: Sketch of the interrogation location displacement due to boundary cropping
of the interrogation area. Figure extracted from [23].
velocity vector estimation is correctly placed at the geometric centre of the
interrogation area (sections a and b in Fig. 2.8).
From Fig 2.8, the cases of interrogation areas c and d dier from the pre-
vious ones however, since they lay only partially within the image boundaries,
with the shaded parts of each area being outside the image boundaries. In the
case of interrogation area d the geometric centre has even been placed outside
the PIV image. It is clear however than, even in this last case, the resulting
velocity vector estimation form the interrogation process should be assigned to
a point inside the PIV image, since the only valid information is provided by
those pixels covered by the interrogation area that also lay within the image
boundary. The geometric centre of the interrogation area is not the correct
placement for the obtained velocity vector estimation in situations as those
represented by cases c and d.
Thus, when the described situation occurs, caution must be exercised in or-
der to correctly determine the actual location of the velocity vector estimation
delivered by the interrogation process. The sketch of Fig. 2.9 illustrates this
issue, for a given weighting function. For inner locations, separated from the
image boundary, by more than half of the interrogation area size, the velocity
vector estimation is correctly placed at the geometric center of the interroga-
tion area [24]. Accordingly, the geometric center P1 of the interrogation area
coincides with the center of mass G1 of the weighting function. However, at
locations near the image boundary, the velocity vector estimation will be o-
set inwards due to the truncation of the weighted window. This eect can be
approximated (at least at rst order) by the actual placement of the center
of mass G2 of the truncated weighted window, which would be the correct
placement for a simple weighted mean estimator.
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In Fig. 2.10, result of this computation is presented for weighting function









∣∣∣2 − 4∣∣∣ η
F
∣∣∣+ 1) (2.2.1)
where ξ and η are coordinates with their origins at the centre of the interro-
gation window and F is the length of its side, proposed by Nogueira et. al
[25].
The gure is referred to as 'LFC-PIV' window, and is the one for their
Local Field Correction PIV method. All coordinates are given relative to the
boundary, positive values corresponding to locations inside the image, while
negative values correspond to points outside the image. In Fig. 2.11 a sample
Figure 2.10: Velocity vector estimation location displacement due to boundary cropping
of interrogation area. 'LFC-PIV' 48 pixels wide weighting function. Figure extracted from
[24].
velocity prole is presented, with both the raw measurement and the prole
compensated for the described eect, being pictured. The prole presented
corresponds to a boundary layer, the wall being placed at the image bound-
ary, and coincident with the abscissa origin. The image was processed with
a 48 pixels wide 'LFC-PIV' weighting function, with an 8 pixels grid spac-
ing. Results from a non iterative run are presented. The 'circles' line (−o−)
corresponds to the raw measured prole, while the 'squares' line (−−) cor-
responds to the prole compensated for the estimation location displacement
due to boundary cropping of the weighting function, following Fig. 2.10. The
arrows indicate the corresponding points in the raw and compensated proles,
where was deemed necessary for added clarity. The rst aspect to be noticed
in Fig. 2.11, is that compensated estimation locations lay within the ow do-
main, even if the interrogation area center lies outside the ow domain, in this
case to the left of the image boundary or wall at negative pixel co-ordinates.
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2. FUNDAMENTALS OF DIGITAL PARTICLE IMAGE VELOCIMETRY
Also, it can be seen that negligible compensation is produced for points whose
distance to the wall is greater than half the weighting function width, with
the interrogation area cropping due to the image boundary aecting only the
points closer to the image boundary.
Figure 2.11: Representative prole compensation due to estimation location displacement.
Raw measured prole (−o−), and boundary compensated prole (−−). Figure extracted
from [24].
2.3 Multi plane measurements
In order to simultaneously analyze two parallel planes in the PCB, a method
to generate and record these two planes has been implemented (Lobera et al.
[26]). PIV analysis technique is applied separately to each plane to obtain
two simultaneous velocity elds. Consecutive measurements, in which only
the distance between laser sheets is changed, allow to observe space and time
evolution of the dynamic structures of the ow.
The conguration utilized for this study consist of a single pulsed laser
delivering linear polarized light, a pair of high speed cameras, three right angle
prims an a pair of polarizing beam-splitter cubes (Fig. 2.12). The polarizing
beam-splitter separates the incident wave in two parts. The light which passes
straight forward through the cube emerges linearly polarized with the plane
of the electrical eld vector parallel to the plane of incidence (p- polarized).
The light emerging from the cube at right angles to the incident wave front
is orthogonal to the plane of incidence (s-polarized). The separation base on
polarization works as long as the radius of the particles is comparable with the
wavelength (Mie's Theory) [32] and the observation is properly selected to the
propagation direction of the light sheet. The s-polarized light coming from the
18
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL AND EXPERIMENTAL MODELING OF FLUID FLOW AND HEAT TRANSFER PROCESSES IN COMPLEX GEOMETRIES 
Sylvana Verónica Varela Ballesta 
DL:T. 284-2012  
 
 
2.3 Multi plane measurements
Figure 2.12: Optical set-up.
polarizing beam splitter cube pass through two right angle prims, one of them
is xed and the other can be move while the p-polarized light pass through
only one prim. With is arrange two orthogonally polarized parallel laser sheet
are obtained. Finally the another polarizing beam splitter is used before the
light reaches the camera thus ensuring that one camera records the s-polarized
light whereas the other records the p-polarized light. Multi plane PIV systems
congurations using polarized light have been used by authors like Kähler and
Kompenhans [33].
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A model of PCB enclosure (Fig. 3.1a) is made of in transparent plexiglas to
allow optical access for the PIV measurements.
Figure 3.1: Model's photograph, a Cavity, b Geometries of this central plate.
The central plate is interchangeable, transparent methacrylate models for
both geometries have been used for measurements without temperature (Fig.
3.1b and c). Temperature measurements have been made for the open geom-
etry with a perforated aluminum plate which incorporates 3 thermocouples.
The model was operated with water as working uid. The water circuit is
gravity driven. Input uid comes from an elevated deposit at constant height
(Fig. 3.2) to minimize perturbations and ensure constant input pressure. The
output is connected to a large deposit (50 l approximately) where a submerged
pump drives the uid until the elevated deposit. The system can operate at
ow rates ranged within 10−2300 l/h. Controlling the ow rate has been done
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Figure 3.2: Experimental set-up, photograph and schematic representation.
by adjusting 3 rotameters of dierent calibers (Fig. 3.3), or the same thing, of
dierent scales (500− 6000 l/h, 60− 640 l/h and 10− 100 l/h)
Figure 3.3: Rotametres to control the ow rate.
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3.1 Light source and image acquisition
3.1 Light source and image acquisition
Two dierent laser models were used for illumination purposes. The use of one
or the other depended on the they availability. Both are Nd: Yag semiconduc-
tor lasers, linearly polarized with 532nm wavelength.
A Monocrom DPPSL 532 pulsed with a cylindrical lens was used to gener-
ate the illumination sheet, the average power is shown in Table 3.1.
Pulse length (µs) 31 87 136 180 220
Frequency (Hz)
10 4 5 6 9 9
100 13 29 44 54 69
150 16 39 50 66 81
200 19 50 73 115 144
Table 3.1: Average power (mW).
When this laser has been used the measures have been made at the maxi-
mum allowed power of the laser source (144 mW).
The other laser is the Monocrom MP532-3W (Fig. 3.4, it was used in
continuous mode at 250 Hz. The optical system mounted on the MP532-3W
Figure 3.4: Laser sketch.
module is composed of 2 lenses beamforming and another one to generates the
sheet. The laser beam before optics is in the x-axis 12 mm and y-axis 0.7 mm
at output, after optics the laser beam is in the x-axis 120 mm and y-axis 0.7
mm at output. The focus length of the 2 lenses of the focus group were 10
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mm and 25 mm while the generating sheet lens have a focus length of 5 mm.
Tables 3.2 and 3.3 shows the beam and sheet characterization. The light sheet
has been 1mm thick.
Distance(mm) 100 500 100 2000
Size (mm) < 1 < 1 < 1 1.2
Table 3.2: Beam characterization.
Distance(mm) 100 500 100 2000
Opening (mm)  135 400 1000
Table 3.3: Sheet characterization.
Optical setup PIV recordings were obtained using MotionPro digital cam-
eras, model X3 Plus and model HS.Both cameras are equipped with a 1”
CMOS sensor with 1280 × 1024 pixels resolution with square pixels 12µm.
The sensitivity range is from 350 to 1000 nm (Fig. 3.5). In each camera has
been placed a zoom Sigma, 28-300mm F3.5-6.3 DG Macro, which allowed us
to increase specic regions.
When Monocrom DPPSL 532 has been used, both cameras were synchro-
nized. Measurements were taken for 1684 images strips. The size of each image
strip was limited by the internal memory of the cameras (4Gb) and the sam-
pling frequency was constrained by the maximum allowed power of the laser
source.
Verifying the light sheet perpendicularity with the cavity wall is very im-
portant. When light is incident on a surface, part of it is refracted and part
transmitted, in our case we need to maximize the transmitted light, this will
depend on the angle of incidence and refractive indices of each medium through
which light travels. The transmission angle could be calculated by Snell's law:
n1sen(θ1) = n2sen(θ2) (3.1.1)
where n1 and n2 were the refractive indices of the mediums involved, θ1 is the
angle of incidence to the surface of medium 2 when the light travels through
the medium 1 and θ2 is the angle between the beam transmitted in medium 2
with the perpendicular to the surface.
When the incidence is not normal to the surface θ2 ̸= 0 then the values of
the refractive indices of each media begin to take greater relevance.
The refractive indices are the system are: nair ∼= 1.0 , nmethacrylate ∼= 1.49,
nwater ∼= 1.33, where nairnmethacrylate
∼= 0.67 y nmethacrylatenwater
∼= 1.12, in this way we
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Figure 3.5: Relative spectral response.
can see that the most important interface is between air and acrylic because
it's in which the angle of refraction varies more.
Figure 3.6: Snell law representation.
The angle θ2 established, inuence the angles in the following interfaces,
hence the importance of controlling the beam interaction with the rst surface.
3.2 Tracer Particles
Flow visualization techniques like PIV, needs to add some kind of tracers in
order to act as markers. When these tracers are introduce in the uid the uid
is be "seeding". Depending on the uid solid particles, oil drops or air bubbles
can used. A lot of descriptions about seeding particles and their characteristics
are describe in many scientic publications but little information can be found
on how to practically supply the particles into the ow. Some times the natural
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seeding of the uid is enough to apply PIV technique, for example, air bubbles
presents in oil but in many cases it is desirable to add tracers in order to
achieve sucient image contrast and to control particle size. For most liquid
ows this is be done by suspending solid particles into the uid and mixing
them in order to get a homogeneous distribution. Some examples of seeding
particles used for the visualization in liquids ows, particularly for PIV are
listed in Table 3.4, [10].




Granules for synthetic coatings 10-500
Liquid Dierent oils 50-500
Gaseous Oxygen bubbles 50-1000
Table 3.4: Seeding materials for liquid ows.
In our experiments we used spores of Lycopodium clavatum which is a fairly
common plant, especially in Europe's northern regions, characterized by low
rainfall forests.
Figure 3.7: Lycopodium clavatum.
Lycopodium clavatum is a perennial climbing plant, characterized by a
variable length stem covered with smooth elongated evergreen leaves (Fig.
3.7). The spores have a mean diameter around 30 µm. The are light yellow,
very mobile, odorless, tasteless and buoyancy only slightly greater than water
[15]. Since 1953, thanks to the austrian A. Mayr, these spores have also been
used as tracers [15]. They are used in hydrography due to the characteristics
before referred and also can be easily colored with food colorants [16].
In our case, the seed particles preparation was performed by mixing ap-
proximately 6 grams of particles with about 350 cc of water, and used a mixer
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at 800 − 1000rpm for 15 minutes. At this time oating particles were retired
and mixing was continued for another 15 minutes getting a homogeneous solu-
tion. It was left to stand for 30 minutes, the smaller particles decanted, excess
water was removed and the concentrate obtained was used for seeding of the
50 l water used in the experiments.
Licopodiun calvatum spores are hydrophobic so the method of particles
preparation is essentially a hydration. Dierences between dry and "wet"
particles are shown in Fig. 3.8.
Figure 3.8: ESEM view of a dry (Magnication 313), b in solution (magnication 375)
Lycopodium spores.
Figure 3.9 shows a ESEM (environmental scanning electron microscope)
view of spores sample with diameters measures.
Figure 3.9: ESEM view of Lycopodium spores in solution at T = 20◦ and P = 5 Torr. a
Magnication 375, b Magnication 2264.
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In the experimental system, temperature control has become necessary in dif-
ferent senses. It was necessary to maintain water temperature at a xed value
to have certainty of the Re value. Since physical properties are involved in
the determination of Re and they depends on the temperature. A submerged
electric pump is used to produce the water ow in the experimental system,
this is the reason because the water temperature can not be achieved only by
the laboratory's temperature control. Like any mechanical engine, the pump
generates heat which is transferred to the water, rising the water temperature
in about 5◦C when the pump is turned on for about 3 hours. To avoid this
problem, a closed circuit chiller has been used (Fig. 3.10), specically the
PolyScience 6106 whose temperature range is from -10◦ C to 40◦C [14].
Figure 3.10: Schematic representation of the temperature control system.
A typical experimental session takes about 3 hours since measurements are
made in at least four dierent planes in the top and bottom sections of the
cavity, giving eight congurations for each ow rate. In every congurations
should be align or the lighting system or the optical system. For example, for
each measure plane, the laser must be aligned, verifying both upright beam
position and its perpendicularity with the cavity wall. Next, the optical system
has to be adjusted, placing a scale on the beam position for setting the zoom
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and the focus. For nally it is necessary to positioning the optical system to
visualize the desired section of the cavity.
As a some percentage of the particles used as tracers decanted when the
uid is at rest is advisable to keep the pump on during the entire experimen-
tal session thus ensuring that the images have a similar particle density. So
while the image acquisition takes only a few seconds the process of system's
adjustment and alignment takes several minutes for each conguration.
Figure 3.11: Aluminium central plate and J-type thermocouples.
Another situation in which it has been essential to use the chiller is the
case when we consider the hot plate (Fig. 3.11). In this case the plate is
maintained at (30 ± 1)◦ C by 3 J-type (iron / copper-nickel) thermocouples
located longitudinally in the aluminum plate (Fig. 3.11). The thermocouples
are equally spaced to ensure that the surface temperature of the plate is rela-
tively homogeneous. Thermocouples can be used to measure the temperature
as a thermometer or to generate heat when connected to a voltage source. The
J-type thermocouples were used in the last sense.
In order to maintain plate temperature constant the voltage must vary
when the water ow rate change. The J-type thermocouples were calibrated
in air with a constant laboratory temperature of 20◦ C (Fig. 3.12). The mon-
itoring of air temperature in the calibration of J-type thermocouples, and the
water tank containing the pump, has been implemented by a K-type thermo-
couple. Both types of thermocouples have an appreciation of 0.1◦ C (Data
Acquisition / Switch unit 34 970 HP).
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Figure 3.12: J-type thermocouple calibration in air.
3.4 Measurement planes
The choice of the planes in which experimental measurements have been made
depends if working with multi plane system or with a single plane.
In the multi plane experiments, Fig. 3.13 shows the location of the (x∗, z∗)
measurements planes. One of them remains xed for all the measurement
series while the position of the second is changed. Fixed plane was located at
y∗ = 4 and the mobile plane was located at y∗ = 3.5, 3 and 2. The specic
plane locations have been select depend on the physical distance available in
the setup shown in section 2.3, Fig. 2.12.
A total of three series of experiments were performed. In each series a
measure of the velocity eld at y∗ = 4 was taken. Selected (x∗, z∗) planes
(Fig. 3.14a, 3.14b) were choose to visualize the ow structures inside the
PCBs enclosure in experiments of a single plane. The rst plane corresponds
to y∗ = 0, that is both, the midplane of the input and output channel. The
second and third planes are located at y∗ = 1.5 and y∗ = 3.5 respectively.
These two positions were selected since they are located at only 1 y∗ units
from the edge of the inlet and outlet channels. Coinciding with the midplane
of the passage channel is the fourth plane at y∗ = 5. In such way, the locations
selected on the top region of the model, the uid ow is symmetric with respect
to those in the bottom region. Measurements have been made in (y∗, z∗) planes
(Fig. 3.14c) located at x∗ = −0.75, x∗ = 0 and x∗ = +0.75 too.
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Figure 3.13: Setup sketch. Side view showing the location of measurements planes (x∗, z∗).
Figure 3.14: Location of relevant planes, a Side view showing the (x∗, z∗) planes. Three
dimensional representation of b (x∗, z∗), c (y∗, z∗) planes.
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Fluids and their associated phenomena are usually described in terms of partial
dierential equations, and there are no analytical solutions except in very
specic cases. This is the reason why numerical solutions are needed. To obtain
these solutions we use discretization methods approximating the dierential
equations with algebraic equations systems and the physical space (domain)
with a discrete space (mesh). The objective is to solve the algebraic systems
for these meshes in a computational form.
An important idea to remember is that there are dierences between the
physical phenomenon that we want to study, the mathematical model used
to represent it (dierential equations with appropriated initial and boundary
conditions) and the numerical model to be solved (systems of algebraic equa-
tions). It is expected that these dierences be reected when comparing the
results obtained by the numerical model with the experimental results .
Numerical simulations of the dynamic eld in the PCB model have been ob-
tained using caa3d.MB. This software is an in-house ow solver, developed by
Gabriel Usera as part of his PhD studies in the ECOMMFIT group [11]. It is
an original Fortran 95 implementation of a fully nite volume method for solv-
ing the 3D incompressible Navier-Stokes equations in complex geometry. This
3D solver is based on a 2D solver described by Ferziger and Pèric [12]. Spatial
discretization is based on block-structured, non-orthogonal, body tted; col-
located grids with rst order (UDS) and second order (CDS) schemes for the
convective term. Improved linear interpolation schemes for non-orthogonal
grids are also included following Lehnhauser's work [13]. For the time dis-
cretization, fully implicit two-level rst order (implicit backward Euler) and
three-level second order schemes are available. Dierent interfaces between
grids blocks are currently supported, among which only one-to-one interfaces
are used here. Domain decomposition on the basis of grid blocks is applied
through OpenMP, with current simulation running on dual processor machines.
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In this section the numerical model is explained in detail and the specic
features used to simulate our problem are presented.
4.1.1 The mesh
Meshes are a discrete representation of the domain geometry and dene the
location of the calculating points of variables. In addition meshes determine
in which way the discrete approximations of dierential equations are con-
structed. A structured mesh consists in families of mesh lines with the prop-
erty that the family members do not cut with one another. This allows to
number the lines of a given set consecutively. The position of any domain
point (or volume control) is identied by a unique set of three indices (3D).
When working with dierent blocks (which can be used to give dierent levels
of mesh renement in the places that the problem requires it) the mesh is
named structured in blocks. At the moment that the mesh is dened the coor-
dinate system used to perform the discretization have to be specied. In this
work the rectangular coordinates are used with a unit vector base (ê1, ê2, ê3)
and where the velocity eld will be represented by (u, v, w).
4.1.2 Mathematical model
The mathematical model comprises the mass (4.1.1) and momentum (4.1.2)
balance equations for an incompressible Newtonian uid with constant proper-
ties and the Boussinesq approximation for buoyancy eects due to temperature
induced small density variations:∫
S








ρu (v⃗ · n̂S) dS =
∫
Ω








(2µD · n̂S) · ê1dS
(4.1.2)
Those equations hold in any portion Ω of the domain, being S the boundary
of Ω and n̂S the outward normal vector at the boundary S. The momentum
balance equation (4.1.2) has been expressed for the rst component u of the
velocity vector v⃗ = (u, v, w), with similar expressions holding for the other
components. The buoyancy term in equation (4.1.2) involves the density ρ,
thermal expansion coecient β and temperature T of the uid, a reference
temperature Tref and gravity
−→g . The dynamic viscosity µ of the uid and the
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4.2 Application of numerical model
symmetric deformation tensor D were used for the viscous term. Where the
symmetric deformation tensor was dened as:
D =
(
ux (uy + vx)/2
(uy + vx)/2 vy
)
(4.1.3)
where ux represents the partial derivation of u respect x. In our case the heat
equation was introduced in the model by the conservation law (4.1.4) for a








ρϕ (v⃗ · n̂S) dS =
∫
S
Γ(∇ϕ · n̂S)dS (4.1.4)
The discretized equations will be obtained by applying equations (4.1.1,
4.1.2 and 4.1.4) to each volume element.
The SIMPLE (Semi-Implicit Method Pressure Linked Equations) algorithm
is implemented for the coupling between velocity and pressure [12]. Because
the velocity eld obtained from the discretized approximations to the momen-
tum balance equation (4.1.2) is not subject to the incompressibility condition
and thus it must be corrected to full the mass balance equation (4.1.1). An
equation to update the pressure eld is also needed. The current estimates
for the velocity and pressure elds (v⃗∗, p∗) will be modied by adding velocity
and pressure corrections (v⃗′, p′) to obtain new current estimations (v⃗, p):
v⃗ = v⃗∗ + v⃗′ p = p∗ + p′ (4.1.5)
A full description of the ow solver can be found in [11]. Validation of the
ow solver against experimental data and benchmark simulations for dierent
cases can be found also in [11, 27, 28], and for the present geometry in greater
detail in [1].
4.2 Application of numerical model
4.2.1 The grid
The grid was made of six blocks where the inlet and outlet duct blocks were
used to minimize the eect of boundary conditions on the region of interest of
the ow.
In order to determine the degree of mesh renement needed to achieve a
proper t to resolve the momentum and temperature boundary layer, simula-
tions were performed for ve dierent degrees of renement. In this work the
grid is homogeneous whose spatial resolutions were h/20 (60×120×20 bottom
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Figure 4.1: Numerical grid composed of six matching grid blocks. Shown at h/10 resolution
near the walls, a closed, b open geometry.
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4.2 Application of numerical model
Figure 4.2: Closed geometry, Re = 5.79 × 103, v component vs. z∗ at y∗ = 3.5 and
x∗ = −0.75 at the top channel of PCB model, homogenous grid spatial resolution: h/20
(circle), h/30 (star), h/40 (diamond), h/50 (triangle) and wall rened grid h/65 near the
walls and about h/40 at the core (square).
and top section block dimensions), h/30 (90×180×30), h/40 (120×240×40)
and h/50 (150× 3000× 50). It is also considered a rened grid with a spatial
resolution set to h/65 near the walls and about h/40 at the core (Fig. 4.1),
using stretched grid blocks. Figure 4.2 shows the v component prole of the
mean velocity eld as function of height z∗ in the top channel at y∗ = 3.5
and x∗ = −0.75. Where we can distinguish the dierences between the grids
with which we work. We can see that the proles for homogeneous grids with
spatial resolution h/40, h/50 and the rened grid are closer that the grids
with resolutions h/20 and h/30. The computational cost of working with the
nest homogeneous grid is very high because the number of cells for the open
geometry is about 7× 106 million (value close to the maximum allowed on the
model) while with the h/40 spatial resolution we have about 3× 106 cells.
Fig. 4.3 shows the temperature proles at the bottom channel where is
easy to see that the rened grid near the walls allows us to resolve the area
near z∗ = −1.5 better than the h/50 grid and in turn keep the number of
cells approximately equal to the grid spatial resolution h/40. Taking this in
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Figure 4.3: Closed geometry, Re = 5.79 × 103, Temperature (◦C) component vs. z∗
at y∗ = 3.5 and x∗ = 0 at the bottom channel of PCB model, homogenous grid spatial
resolution: h/20 (circle), h/30 (star), h/40 (diamond), h/50 (triangle) and wall rened grid
h/65 near the walls and about h/40 at the core (square).
Figure 4.4: Zoom of Fig. 4.3.
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4.2 Application of numerical model
account, the grid used in all cases presented in this work is the rened grid
with h/65 near the walls and about h/40 in the center, representing 3.45×106
calculation points for the open geometry and 3.38× 106 cells for the close one.
With the rened grid temperature boundary layer is best resolved with
homogeneous grids the Fig. 4.4 shows. This can be seen in the fact that the
calculated temperature in the second cell (from the wall) of the rened grid is
the same order (21.9◦C) that the temperature obtained in the rst cell of the
homogeneous grids with resolutions h/40 (21.6◦C) and h/50 (22.3◦C).
4.2.2 Initial conditions and regime state
Reynolds number dened by Re= U0hρ/µ was set ranging from Re = 300 to
Re = 10000. The Table 4.1 shows the select Re number, corresponding to









Table 4.1: Dierent Reynolds numbers corresponding to mean velocity at the inlet region.
The Large Eddy Simulation (LES) turbulence model has been used for Re
higher than 5000. This model is based on the Smagorinsky model for subgrid
scale. In our case,a "top hat" lter kernel is considered to obtain the ltered
velocity containing the large scale components of the total velocity eld. The
dimensionless time step was dt/(h/U0) = 5× 10−3. Simulations have been run
starting from null velocity elds through 11× 103 time steps, or about 55 s of
ow time.
Relaxation coecients were used 0.8 for the velocity eld and 0.3 for the
pressure eld, these values are common for non stationary simulations with
time steps small and orthogonal grids. As convergence parameter was moni-
tored the total sum of the absolute values of the residues. The chosen values
of the relaxation coecients joined with a cycle of 10 outer iterations allowed
to ensure a reduction of the convergence parameter in 3 orders of magnitude
at each time step. These convergence levels are adequate to analyze the state
of ow strongly governed by the boundary conditions.
Throughout the simulations the ow exhibits non-stationary characteristics
but reaching a regime state independent of initial conditions. The gure 4.5
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Figure 4.5: Closed geometry, Re = 1.16× 103, v component as function of time at x∗ = 0,
y∗ = 3.5 and z∗ = −0.5 (top channel of PCB model).
shows the behavior of v component at x∗ = 0, y∗ = 3.5 and z∗ = −0.5
(correspond to the top channel of PCB model) as function of time. The mean
elds presented in this work were averaged over a time period that did not
include the start time (from 25s to 55s).
4.3 LES Model
The simplest approach from the conceptual point of view of the turbulence sim-
ulation is to solve the Navier- Stokes equations without averaging or approx-
imation other than numerical discretizations whose errors can be estimated
and controlled. This approach is called direct numerical simulation (DNS).
The DNS have high computational cost associated with the requirement to
fully simulate the ow, even in their small scales, where viscous dissipation
occurs, that it need a large number of grid points to simulated all scales.
Large Eddy Simulaion (LES) methods reduce the cost associated with the
DNS method, simulating the ow only up to scales of turbulence larger than
a given level.
The large scale motions are generally much more energetic than the small
scale ones; their size and strength make them by far the most eective trans-
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porters of the conserved properties. The small scales are usually much weaker
and provide little transport of these properties. Large eddy simulations (LES)
is an approach that treats the large eddies more exactly than the small ones.
A velocity eld containing only the large scale components of the total eld
is needed. This is best produced by ltering the velocity eld v⃗ = (u, v, w);
in this approach, the large or resolved scale eld, the one to be simulated, is




G(|P − P ′|) · v⃗(P ′) · dV ′ (4.3.1)
Where G(r), the lter kernel, is a localized function. In the sense that
weighs with higher weight values v⃗(P ′) near P , and decreases as one moves
away from P thus establishing a "width" lter ∆. In this way it retains the lo-
cal information on point P , while "softens" the eld, reducing the information
content on scales smaller than ∆. Roughly, eddies of size larger than ∆ are
large eddies while those smaller than ∆ are small eddies, the ones that need
to be modeled.
The most common choices for the lter function G(r) are the Gaussian and
the cuto (top hat) lters:
G(r) = A · exp−r2∆2 (4.3.2)
G(r) =
{
1 r < ∆
0 r > ∆
(4.3.3)
The choice of the lter should be taken into account when implementing
the modeling sub-grid stresses and nally to interpret the solution obtained as
a solution for the ltered eld and consider its relationship with the real eld.
When Navier-stokes and continuity equations with constant density are

















The nonlinear advection term in equation 4.3.4 is the only one that presents
diculties. Developing the velocity eld into its ltered component ū and in
the sub grid component u′:
ui = ūi + u
′ (4.3.6)
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u′ = ui − ūi (4.3.7)
Is then obtained:







In general the ltered velocity eld does not unchanged to the successive ap-
plication of the lter [31]:
(ūiūj) ̸= ūiūj (4.3.9)
An usual denition of sub grid tension terms as:
τ sij = −ρ(uiuj − ūiūj) (4.3.10)
that is the dierence between the term present in the equations and the com-
ponent eectively resolved of larger scales.
In this context, τ sij is called sub-grid Reynolds stress, and it is in fact, the
large scale momentum ux caused by the action of the small or unresolved
scales. Is important to keep in mind that the width of the lter, ∆, need not
have anything to do with the grid size, h, other that the condition that ∆ > h
[12].
The sub-grid Reynolds stress are not determinable at priori from the re-
solved ow and should be introduced assumptions and models used to calculate
them.
4.3.1 Smagorinsky model
In this work the Smagorinsky model has been used. It is a "rst order" close
model , since the sub grid stress are directly related to the ltered velocity
eld, through the tensor deformation of this and by introducing a coecient
of eddy viscosity.




where µT is the eddy viscosity and Sij is the strain rate of the large scale or





where C is a constant and ∆ is the lter width.
The diagonal term of the sub-grid stress τ sij, explicitly written in 4.3.11,
could also be modeled. However there is no need because it can be implicitly
combined with the pressures term. Therefore we model only the part of zero
trace of the tensor:
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4.4 Analysis of the temperature eect
τSGSij = 2µTSij (4.3.13)
this term is commonly refered as sub-grid stress. The main requirement of
the sub-grid stress model is to produce the kinetic energy proper dissipation,
absorbing it from the resolved ow. Then, the determination of the constant
C must ensure the necessary dissipation. Common values of constant C are in
the range from 0.1 to 0.15 [31]. Although, the latter sometimes causes a value
of excessive dissipation.
4.4 Analysis of the temperature eect
The simplest element that can be added to a ow is a scalar quantity such as
temperature. In case of the presence of the scalar quantity does not aect the
properties of the uid we speak of a passive scalar. In a more complex case,
the density and viscosity of the uid may be modied by the presence of the
scalar and we have an active scalar. In a simple example, the uid properties
are functions of temperature.
The variation of the transport properties with temperature can be very
large (depends on the dierences between the uid temperature and the heater
component temperature) and must be taken into account but are not dicult
to handle numerically. The important issue is that the energy and momentum
equations are now coupled and must be solved simultaneously. On each outer
iteration, the momentum equations are rst solved using transport properties
computed from the 'old' temperature eld. The temperature eld is updated
after the solution of the momentum equations has been obtained for the new
outer iteration and the properties are updated.
Variations in density, viscosity and Prandtl number increase the non-linearity
of the equations. The sequential solution method can be applied to these ows
in the much the same way they are applied to ows with variable tempera-
ture. One recalculates the uid properties after each outer iteration and treats
them as known during the next outer iteration. If the property variation is
signicant the convergence may be slowed considerably. If the temperature
dierences are small (around 10◦ C) [29], the variations of the uid properties
are not important and the temperature behaves as a passive scalar. Since the
temperature is a passive scalar, it can be computed after the computation of
the velocity eld has been completely converged, making the task much sim-
pler. The dependency of the uid properties (ν, ρ, Pr) on temperature in the




2 + dϕT + eϕ (4.4.1)
where the constants aϕ, bϕ, cϕ, dϕ, eϕ for the particular variable ϕ = {µ, ρ, Pr}
were obtain by tting the data found in property tables [30]. Table 4.2 shows
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the 4th order polynomial function coecients used in the tting shown in
Figures 4.6, 4.7 and 4.8.
a b c d e
Viscosity 3.03× 10−11 −8.57× 10−9 9.48× 10−7 −5.42× 10−5 1.77× 10−3
Density −1.6× 10−7 4.8× 10−5 −8.1× 10−3 6.6× 10−2 1.0× 103
Prandtl 3.3× 10−7 −8.9× 10−5 9.3× 10−3 −4.9× 10−1 1.4× 101
Table 4.2: Coecients of 4th order polynomial ts to physical properties.
Figure 4.6: Dynamic viscosity (N.s/m2) vs. Temperature (◦C), experimental data and
tting.
Figure 4.7: Density (Kg/m3) vs. Temperature (◦C), experimental data and tting.
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4.4 Analysis of the temperature eect
Figure 4.8: Prandtl number vs. Temperature (◦C), experimental data and tting.
At rst, the hypothesis that if the temperature dierences are small then
the variations in physical properties are negligible was considered. This consid-
eration was made for two reasons, rst is, that this hypothesis is well justied
in the literature ([29], [12]) and second because in this moment the numerical
model did not include the ability to work with variable physical properties.
Thus performing simulations with constant physical properties and a temper-
ature dierence of ∆T = 10◦ C. Subsequently, amendments were made in the
numerical model to include the variation of physical properties due to temper-
ature. So simulations were performed to verify that the considered hypothesis
was proper and to study the system behavior for higher temperature dier-
ences.
The cold and reference temperatures (uid temperature) were Tc= Tref =
20◦ C while hot temperature was Th= 30
◦ C (plate temperature) in one case
and Th= 50
◦ C thus obtaining temperature dierences of ∆T = 10◦ C and
∆T = 30◦ C. The select Re number for this simulation was Re = 5.79 × 103
and the initial conditions of the physical properties were established evaluating
polynomials ( Table 4.2) in T̄ , dened as T̄ = Tc+Th
2
A good way to study the temperature inuence in the system is through the
Nusselt number. The Nusselt number is one of the most important parameter
in convective heat transfer problems. Convection intensity is determined by
the value of Nusselt number. The average Nusselt number of plate is calculated
in order to realize the heat transfer phenomenon around the heat source. As
we know the heat transfer by convection is q=HA∆T, where H is convective
coecient, A is the contact area and ∆T is the dierence of temperature. The
heat exchange between uid and solid boundary:
q
A
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where kf is the conductance coecient of uid, T∞ is the inlet temperature,
Tp is the plate temperature, the partial derivation is evaluated in the plate's














Figure 4.9 shows the behavior of mean Nusselt number as function of y∗
position for constant and variable physical properties with temperature dier-
ences of ∆T = 10◦ C and ∆T = 30◦ C.
Figure 4.9: Mean Nusselt number vs. y∗ in the top channel of PCB model for ∆T = 10◦ C
with constant (green) and variable (red) physical properties. For ∆T = 30◦ C with constant
(blue) and variable (magenta) physical properties.
Where it shows that the behavior of the Nusselt number is similar for
each temperature dierence, though is always greater for cases with variable
physical properties. For a temperature dierence of ∆T = 10◦ C, the dierence
in the values of Nusselt number between the variable and constant physical
properties is less than 9% while for the dierence of ∆T = 30◦ C the Nusselt
number dierence is 30%.
Based on these results we conclude that for a temperature dierence of
∆T = 10◦ C the variations in physical properties are negligible.
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In order to study the spatial and temporal evolution of ow structures and heat
transfer in PCB enclosed cavities several cases have been analyzed. Tables 5.1
and 5.2 shows the numerical and experimental studied cases.
Numerical simulations considered in Table 5.1 have been developed using
a rened grid with a spatial resolution set to h/65 near the walls and h/40 at
the core (section 4.2.1), considering constant physical properties, ρ(20◦C) =
998.3Kg/m3 and µ(20◦C) = 1× 10−3N.s/m2.
Re Temperature Experimental Numerical
(◦ C) Open Closed Open Closed
100 ∆T = 10 X X
constant
300 ∆T = 10 X X X
constant X X X X
600 ∆T = 10 X X
constant X
1160 ∆T = 10 X X X
constant X X X X
3000 ∆T = 10 X X
constant
5790 ∆T = 10 X X X
constant X X X X
8000 ∆T = 10 X X
constant
10000 ∆T = 10 X X
constant
Table 5.1: Cases considering constant physical properties and a temperature dierence of
∆T = 10◦ C.
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The temperature dierence between the plate and the uid at the entrance
was considered ∆T = 10◦ C and ∆T = 0◦ C (constant temperature system).
To study the inuence of the Re number and the PCB geometry in the plate
heat transfer, numerical simulations for eight dierent Reynolds have been
implemented, these values cover a wide range of Re from pure laminar to
pure turbulent ow. The dependency of heat transfer due to the mean inlet
velocity (Nusselt number vs. Reynolds number) has been studied for both
plate geometries. Behavior of mean Nusselt number along the y∗ direction
for dierent Re and both geometries. Simulations including a temperature
dierence of ∆T = 30 ◦ C have been developed considering constant and
variable physical properties, the same rened grid has been used.
Re Experimental Numerical
(Open geometry) Variable Constant
300 X
1160 X
5790 X X X
Table 5.2: Cases considering variable physical properties with temperature dierence of
∆T = 30◦ C
During the numerical simulations data was saved every 2.75 seconds, using
the last 10 data set les to calculate the mean elds.
To study the behavior of variables in function of time we have performed
simulations in which 600 les were saved using same period of time, that is
storing every 0.092 seconds.
Each data le has a size of 150Mb approximately which save 600 les creat-
ing storage problems and doubles the execution time for each case. Although
the mean velocity and temperature elds obtained by averaging the instant
elds over time, in the same period in which the system was in regime, does
not dier. For this reason we chose to save the data every 2.75 seconds.
An special case is the measurements obtained at Reynolds number of Re =
600. In this case the multi plane technique was used (section 2.3). Thus
measurements of two simultaneous planes with the closed geometry plate was
implemented to obtain two simultaneous velocity elds.
From the experimental conguration a set of 1000 instantaneous elds are
obtained for each studied plane corresponding to a one second measurement
generating a 810Mb data le. Thus the mean velocity elds shown the next
chapters are the averages of those 1000 les, unless otherwise specied. Images
quantity were limited by the cameras memory and image size. The images
were acquired when the system was in regime, having lost dependency on
initial conditions so that the measurement of only one second is enough for
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the images to be representative for what happens in the system.
It is important point that in the experimental set-up the inlet velocities
were established by adjusting the ow rate using 3 rotameters. The ow rates
chosen were (500 ± 5) l/h, (100 ± 5) l/h and (26 ± 1) l/h these ow rates
correspond to Reynolds numbers (5735 ± 630), (1144 ± 126) and (296 ± 33)
respectively.
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This chapter describes the ow behavior in the open geometry. In this case
the plate that models the PCB has the same temperature as the ow. Three
dierent values of the inlet mean velocity are studied. The results are obtained
from both numerical simulations and experimental measurements. In rst
place the behavior of the ow for Re = 1160 is analyzed. A good approach to
study the ow structures is plotting the 3D streamlines (Fig. 6.1) because its
gives a global behavior of the uid movement.
In the top channel the uid follows a quasi symmetric double spiral path
(Fig. 6.1a) but for the bottom channel the streamlines are completely dierent
(Fig. 6.1b).
Figure 6.1: 3D streamlines , Re=1.16 × 103, a Top channel,b bottom channel, open
geometry.
The spiral behavior of the ow has disappeared giving way to the existence
of straight lines and several vortical structures with smaller intensity located
51
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL AND EXPERIMENTAL MODELING OF FLUID FLOW AND HEAT TRANSFER PROCESSES IN COMPLEX GEOMETRIES 
Sylvana Verónica Varela Ballesta 
DL:T. 284-2012  
 
 
6. UNHEATED OPEN GEOMETRY
near the passage channel. This behavior is the one found before by Usera
et al. [11]. On the other hand. a vortex core can be dened [34], in an
Figure 6.2: Vortical structures educed by λ2 iso-surfaces from numerical simulation.
incompressible ow, as a connected region with two negative eigenvalues of the
symmetric tensor S2 +Ω2, where S and Ω are respectively the symmetric and
antisymmetric parts of the velocity gradient tensor ▽u⃗; i.e. Sij = 12(ui,j +uj,i)
and Ω = 1
2
(ui,j − uj,i). Note that since S2 + Ω2 is symmetric, it has only real
eigenvalues. If λ1, λ2 and λ3 are eigenvalues and λ1 ≥ λ2 ≥ λ3, then the
denition is equivalent to the requirement that λ2 < 0 within the vortex core.
Thus a way to observe vortical structures is by means of λ2 iso-surfaces. These
iso-surfaces were obtained from the numerical data since the three components
of the velocity eld are available. From the experimental data is not possible
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Figure 6.3: Re = 1.16×103 at plane (x∗, z∗) in the top channel of PCB model. Numerical
mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5. Vectors u and
w component, contours v component.
to calculate it as only two components of the velocity eld are measured.
Figure 6.2 shown λ2 iso-surfaces inside the cavity and in the outlet chan-
nel where the same iso-value was used. Clearly two vortical structures are
presented in the top channel which disappear in the passage channel.
When the ow enters the cavity hits the plate which causes two counter ro-
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6. UNHEATED OPEN GEOMETRY
tating vortical structures oriented along the y∗ direction that are held through-
out the top channel. Figure 6.3 shows the numerical mean velocity eld in the
top channel at selected (x∗, z∗) planes (see Fig. 3.14) and illustrates two quasi-
symmetric counter-rotating vortices whose centers moves upwards as the ow
move away from the entrance. The vector representation corresponds to the
components u and w while the v component is represented by contours. As
it expected, the larger velocity vectors are found in the inlet region. Outside
that region, on the chosen planes, the maximum of each components of the
mean velocity is found at y∗ = 1.5 where u and w components are similar
(44.3 × 10−3 m/s to the u component, 43.2 × 10−3 m/s to the w component)
whilst the v component is almost double (82.0× 10−3 m/s). As expected v is
the largest component coinciding with the main ow direction. This can also
be seen observing the contours of the mean velocity modulus at plane (y∗, z∗)
for x∗ = 0, Fig. 6.4. This gure also shows two vortex oriented in the x∗
Figure 6.4: Mean velocity eld (mm/s), Re = 1.16 × 103, plane (y∗, z∗) at x∗ = 0 in the
top channel of PCB model.
direction one at (y∗, z∗) = (−0.4,−0.6) and another at (y∗, z∗) = (0.7,−0.7).
The rst one is formed by the clash of incoming uid with the rear wall cavity
and the second, smaller that the rst, is produced by the jet impinging.
Experimental results at Re = (1144 ± 126) (Fig. 6.5) show that the large
scale structures found in the top channel are practically the same as those
obtained for the numerical simulation (Fig. 6.3).
The larger velocity vectors shown in Fig. 6.6 are of the order of 55 mm/s
while the computed root mean square (rms) has a maximum value of about
24 mm/s located mainly near the boundaries, while the rms has a signicant
reduction near the vortex centres, showing values smaller than 5 mm/s. These
values of the velocity deviation indicate that the large structures depicted in
Fig. 6.6 are representative of the instantaneous ow structures of the system,
and that the main dierence between the mean eld and the instantaneous
structures are located near the borders of the system. Small dierences can be
observed at y∗ = 0 and y∗ = 5. At plane y∗ = 0 in the experimental case two
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Figure 6.5: Re = (1144± 126) at plane (x∗, z∗) in the top channel of PCB model. Exper-
imental mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5.
vortices and a transition saddle point are present, the lowest vortex is located
at (x∗, z∗) = (0.92,−0.32), the highest one is located at (x∗, z∗) = (1.23,−0.75)
and the saddle point is a intimidate position in (x∗, z∗) = (1.10,−0.49). Nu-
merical simulations for the same plane show a vortex located at (x∗, z∗) =
(1.17,−0.68) a remnant of a vortex structure corresponds with a minimum of
mean velocity eld located in (x∗, z∗) = (0.98,−0.30). Observing the mean
velocity elds in the plane y∗ = 5 for experimental and numerical results
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6. UNHEATED OPEN GEOMETRY
Figure 6.6: Re = (1144±126) at plane (x∗, z∗), y∗ = 1.5 in the top channel of PCB model.
Experimental mean velocity modulus (up), rms (down).
(Fig. 6.7) we can see that they are quite similar though the experimental
results are slightly more "disordered" especially in the center of the plane
(−0.5 > x∗ > 0.5).
When comparing the experimental and the numerical results it should be
kept in mind that in the numerical simulations the system is completely "ideal"
while in experimentation some intrinsic errors can exist which can lead to small
dierences in obtained elds .
Vortical structures presented in the ow at Re = 5.79 × 103 are not sig-
nicantly dierent from that obtained at Re = 1.16 × 103. Although some
dierences can be found in the structures shape mainly in plane y∗ = 1.5 and
y∗ = 3.5 for Re = 300 where a smaller pair of counter-rotating vortices appear
in the center as Fig. 6.8 shown. In the plane y∗ = 1.5 a pair of small quasi
symmetry counter rotating vortices located at (x∗, z∗) = (0.15,−0.19) and
(x∗, z∗) = (−0.2,−0.16) can be observed. The rotation direction of this small
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Figure 6.7: Mean velocity eld modulus (mm/s), Re = 1.16 × 103 at plane (x∗, z∗),
(0 > x∗ > 1.5) region. Plane y∗ = 0, a experimental b numerical. Plane y∗ = 5, c
experimental, b numerical.
Figure 6.8: Open geometry, Re = 300 at plane (x∗, z∗) in the top channel of PCB model.
Experimental mean velocity eld for (up to down) y∗ = 1.5 and y∗ = 3.5.
vortices is opposite to that of large vortices that appear in Fig. 6.8. The vor-
tex structures present in the plane y∗ = 3.5 are less dened than in the plane
y∗ = 1.5, these are spread over the channel height and in turn concentrated in
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6. UNHEATED OPEN GEOMETRY
the central area of this (x∗ = [−0.2, 0.2]). To see what happens to the pair of
Figure 6.9: Open geometry, Re = 1.16 × 103 at plane (x∗, y∗) in the passage channel of
PCB model. Numerical mean velocity eld (mm/s) for (up to down) z∗ = −1, z∗ = −1.25
and z∗ = −1.5. Vectors u and v component, contours w component.
quasi symmetric counter rotating vortices of the top channel when they arrive
at the passage channel the mean velocity eld in the plane (x∗, y∗) for dierent
values of z∗ is analyzed (Fig. 6.9). In this case the components u and v are
vectors and the contours correspond to the component w. At z∗ = −1, large
vortex structures are still well dened and the component values of w indicate
that the ow drops faster in the channel central zone. At half height of the
passage channel (z∗ = −1.25) smaller vortex structures appear in the central
x∗ = [−0.5, 0.5] and the velocity component w has a sign change, close to the
plate, which implies the existence of a recirculation. At the end of the passage
channel (z∗ = −1.5) two pairs of quasi symmetric counter rotating vortices
of same order, are observed. Figure 6.10 show the numerical mean velocity
patterns at the bottom channel for open geometry. The vector representation
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Figure 6.10: Open geometry, Re = 1.16 × 103 at plane (x∗, z∗) in the bottom channel of
PCB model. Numerical mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and
y∗ = 0. Vectors u and w component, contours v component.
correspond to the components u and w while v component is represented by
contours as in the top channel description. In the bottom channel, the larger
value of the mean velocity modulus is found in the outlet region (y∗ = 0),
72.4 × 10−3 m/s, while in the other studied planes this magnitude is around
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6. UNHEATED OPEN GEOMETRY
Figure 6.11: Experimental mean velocity eld streamlines and modulus (mm/s) through-
out the cavity, plane (y∗, z∗) at x∗ = 0, (up to down) Re = 300, Re = 1.16 × 103 and
Re = 5.79× 103.
(30×10−3 m/s. At plane y∗ = 5 the maximum of u and v components are sim-
ilar (16.9×10−3 m/s to the u component, 13.6×10−3 m/s to the v component)
whilst the w component is almost double (28.9×10−3 m/s). As expected in this
plane w is the largest component coinciding with the main ow direction. For
planes y∗ = 3.5 and y∗ = 1.5 the maximum of u and w components decrease
(0.8 × 10−3 m/s to the u component, 0.7 × 10−3 m/s to the w component)
while the component v increases (28.6 × 10−3 m/s). These low values of u
and w components denotes that no large vortex structures prevails in the ow.
The large counter rotating vortices that exist along the top channel cannot
survive the change in ow direction required for the ow to go from the top to
the bottom channel. In the open geometry there are no means for the ow to
re-organize itself resulting on only smaller, weaker, vortical structures created
at the bottom channel (Fig. 6.10).
The lack of the helical ow movement at the bottom channel generates
a strong recirculation downstream from the leading edge of the plate also
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obtained by Usera et al. [11]. The existence of this strong recirculation is
conditioned by the chosen Reynolds number as Fig. 6.11 shows. For all studied
Reynolds numbers, it can be observed an area that stretches from the passage
channel to the output one which presents the highest values of mean velocity
module. While near the plate are presented lowest values of this magnitude.
For Re = 300 a small recirculation in the passage channel close to the plate
is observed in turn no relevant structure have been found in the enclosure
bottom channel. In contrast, for the other values of Re observed the presence
of a strong recirculation in the lower channel located at x∗ = [3.5, 4.5] and
attached to the plate.
Practically the same structures were obtained for all Reynolds numbers
of both experimental and numerically. The greatest dierence is the pas-
sage channel recirculation observed experimentally for Re = 300 at (y∗, z∗) =
(4.56,−1.23) and that is not present for larger Re, however, numerically this
recirculation is present for all Reynolds numbers studied. Figure 6.12 shows
Figure 6.12: Numerical mean velocity eld streamlines and modulus (mm/s) throughout
the cavity, plane (y∗, z∗) at x∗ = 0 for Re = 5.79× 103.
the numerical mean velocity eld and the streamlines for Re = 5.79 × 103
where the structures mentioned above can be observed. Both recirculations
can lower the heat transfer in those regions and they have to be avoided to
prevent undesired localized mechanical wear.
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6. UNHEATED OPEN GEOMETRY
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This chapter describes the ow behavior in the closed geometry. The tem-
perature conditions and the inlet mean velocity values are de same ones used
for the open geometry. That is,the plate that models the PCB has the same
temperature as the ow and three dierent values of the inlet mean velocity
are studied. The results are also obtained from both numerical simulation and
experimental measurements as for the open geometry case. In this case multi
plane experiments have been added in order to analyze the spatial correlation
of the ow structures. Will begin by studying the ow behavior for Re = 1160
Figure 7.1: 3D streamlines , Re=1.16 × 103, a Top channel,b bottom channel, closed
geometry.
by plotting the 3D streamlines (Fig 7.1). In the top channel the uid fol-
lows a quasi symmetric double spiral path (Fig 7.1a) as in the open geometry
case (Fig. 6.1a) even in this case the both spirals must come together to get
through the passage channel. For the bottom channel the quasi symmetric
double spiral path is still present, Fig. 7.1b.
Figure 7.2 shows the numerical mean velocity eld in the top channel at
selected (x∗, z∗) planes (see Fig. 3.14) and illustrates two quasi-symmetric
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7. UNHEATED CLOSED GEOMETRY
counter-rotating vortices whose centers moves upwards as the ow move away
from the entrance. The vector representation corresponds to the components
Figure 7.2: Re = 1.16×103 at plane (x∗, z∗) in the top channel of PCB model. Numerical
mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5. Vectors u and
w component, contours v component.
u and w while the v component is represented by contours. The behavior of
the ow in the top channel is practically the same as for the open geometry
(Fig. 6.3).
The larger velocity vectors are found in the inlet region. Outside that
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region, on the chosen planes, the maximum of each components of the mean
velocity is found at y∗ = 1.5 where u and w components are similar (45.8×10−3
m/s to the u component, 44.8 × 10−3 m/s to the w component) whilst the v
component is almost double (83.0 × 10−3 m/s). Note that these values are
closed to those obtained in the open geometry. Dierences occur at y∗ = 5,
where the inuence of the opening is important. Upstream of this location
the large scale structures obtained are practically the same. Thus, it can be
stated that there is not much inuence from the geometry of the PCB in the
structures present in the enclosure top channel. This can also be seen observing
the contours of the mean velocity modulus at plane (y∗, z∗) for x∗ = 0, Fig.
7.3. This gure also shows the same two vortex oriented in the x∗ direction in
Figure 7.3: Mean velocity eld (mm/s), Re = 1.16 × 103, plane (y∗, z∗) at x∗ = 0 in the
top channel of PCB model.
the same locations obtained in the open geometry (Fig. 7.3). Some dierences
appears depend on the Re, for Re = 300 and Re = 5.79 × 103, the vortex
located at (y∗, z∗) = (0.7,−0.7) is no present. For the lowest Re can be seen
small additional vortices against the back wall of the cavity, they disappear
for the higher Re. In turn, two new recirculations can be seen located at
(y∗, z∗) = (3.94,−0.04) and (y∗, z∗) = (4.13,−0.03). The dependence with the
Re is also observed in the open geometry.
The inuence in the ow structures of the opening is not visible until
y∗ = 4.5, where the mean velocity modulus close to the plate is higher than
the one obtained in the open geometry (Fig. 6.4). Experimental results at
Re = (1144 ± 126) (Fig. 7.4) show that the large scale structures found in
the top channel are practically the same as those obtained for the numerical
simulation (Fig. 7.2). The dierences observed at y∗ = 0 are the same ob-
tained in the open geometry. Thus, in the top channel the bulk ow behavior
is not signicant dierent from that obtained for the open geometry for all Re
numbers.
To see what happens to the pair of quasi symmetric counter rotating vor-
tices of the top channel when they arrive at the passage channel the mean
velocity eld in the plane (x∗, y∗) for dierent values of z∗ is analyzed (Fig.
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7. UNHEATED CLOSED GEOMETRY
Figure 7.4: Re = (1144± 126) at plane (x∗, z∗) in the top channel of PCB model. Exper-
imental mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5.
7.5). In this case the components u and v are represented by vectors and the
contours correspond to the component w. At z∗ = −1, a stagnation point is
observed located about (x∗, y∗) = (0, 5.2). The component values of w indicate
that the ow drops (symmetrically) faster close to the lateral sides of the pas-
sage channel. At half height of the passage channel (z∗ = −1.25) the stagnation
point is still present. In addition, a pair of small vortices appears in the corners
(x∗, y∗) = (−0.34, 5.45) and (x∗, y∗) = (0.36, 5.45). In the passage channel left
part, a pair of counter rotating vortices with centers in (x∗, y∗) = (−0.29, 5.12)
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Figure 7.5: Re = 1.16 × 103 at plane (x∗, y∗) in the passage channel of PCB model.
Numerical mean velocity eld (mm/s) for a z∗ = −1, b z∗ = −1.25 and c z∗ = −1.5.
Vectors u and v component, contours w component.
and (x∗, y∗) = (−0.33, 4.91) appear, while at the right part only one vortex in
(x∗, y∗) = (0.26, 5.07) is dened. Close to the plate the velocity component w
has a sign change implying that recirculation occurs as in the open geometry.
Furthermore, there are two small symmetric recirculations on the side walls
of the passage channel located in the region y∗ = [5.25, 5.38]. At the end of
the passage channel (z∗ = −1.5) the stagnation point and the upper corner
vortices disappear although a new pair of vortices appears at the bottom cor-
ners, (x∗, y∗) = (−0.33, 4.56) and (x∗, y∗) = (−0.33, 4.60). The centers of the
vortices on the left part of the passage channel are close than for z∗ = −1.25
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7. UNHEATED CLOSED GEOMETRY
while the vortex on the right part is still present and almost in the same place
(x∗, y∗) = (0.24, 5.05). For Re = 600, the same kind of structures described
Figure 7.6: Re = 600 at plane (x∗, y∗) in the passage channel of PCB model. Numerical
mean velocity eld (mm/s) for z∗ = −1.25 . Vectors u and v component, contours w
component.
above are observed for all z∗ planes studied. For z∗ = −1.25 the recirculations
in the sidewalls of the channel passage are located in a dierent position than
ones obtained for Re = 1.16 × 103 . In this case, they are located near the
middle of the passage channel (y∗ = [5.05, 5.15]), Fig. 7.6.
Figure 7.7 shows the numerical mean velocity patterns at the bottom chan-
nel. The vector representation corresponds to the components u and w while
the v component is represented by contours as in the top channel description.
For dierent Re numbers the large scale structures found in the top channel are
practically the same as those shown in Fig. 7.7, although some dierences can
be found in the structures shape. All ow regimes show large scale structures
with a similar general appearance but in some cases they are quasi-circular
while in others cases they are oval. Instead, the larger velocity vectors, like
in Fig. 6.3, are found in the input region. In this case the maximum for
each components of the mean velocity is found at y∗ = 3.5 being the u and w
components are similar to those obtained in the top channel at plane y∗ = 1.5
(u = 45.3×10−3 m/s, w = 37.0×10−3 m/s), while the v component is slightly
lower (v = 62.6×10−3 m/s). As expected v is the largest component coinciding
with the main ow direction.
Experimental results at Re = (1144 ± 126) (Fig. 7.8) show that the large
scale structures found in the bottom channel are very closed to those obtained
for the numerical simulation (Fig. 7.7). In the plane y∗ = 0 the vortices
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Figure 7.7: Re = 1.16 × 103 at plane (x∗, z∗) in the bottom channel of PCB model.
Numerical mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and y∗ = 0.
Vectors u and w component, contours v component.
centers are located in similar positions, (x∗, z∗) = (−0.88,−1.93) and (x∗, z∗) =
(0.84,−1.88) obtained by numerical simulations and (x∗, z∗) = (−0.88,−1.84)
and (x∗, z∗) = (0.99,−1.80) for experimental results. Furthermore, a pair of
small vortices can be seen in the lower corners, these vortices are maintained
at planes y∗ = 3.5 and y∗ = 1.5, these structures are also obtained in numerical
simulations.
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7. UNHEATED CLOSED GEOMETRY
Figure 7.8: Re = (1144 ± 126) at plane (x∗, z∗) in the bottom channel of PCB model.
Experimental mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and y∗ = 0.
Some dierences can be found in the structures shape in plane y∗ = 3.5
for Re = 300 where a smaller pair of counter rotating vortices appear in the
center as Fig. 7.9 shown. Vortices located at (x∗, z∗) = (−0.15,−1.58) and
(x∗, z∗) = (−0.145,−1.58) can be observed, the rotation direction of these
small vortices is opposite to the ones in the large vortices. Note that these
small vortices are located in similar positions than the ones obtained in the
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top channel at plane y∗ = 1.5 in the open geometry, se Fig. 6.8.
The ow contraction at the passage channel results in a jet impinging onto
the bottom channel lower surface that leads to the creation of two new large
counter rotating vortices. Therefore, the strong recirculation (Fig. 6.11, at
x∗ = [3.5, 4.5] and attached to the plate) present in the bottom channel for the
open geometry is not present. Figure 7.10 shows the numerical mean velocity
Figure 7.9: Re = 300 at plane (x∗, z∗) in the bottom channel of PCB model. Experimental
mean velocity eld for y∗ = 1.5
eld and the streamlines for Re = 600, Re = 1.16× 103 and Re = 5.79× 103
where a small recirculation in the passage channel close to the plate is observed
as for the open geometry (Fig. 6.12). At the bottom channel, for Re = 600
and Re = 5.79 × 103 , a recirculation occurs in the lower right corner as the
ow hits the cavity wall, being similar to the one observed at the top channel
(Fig. 7.3). The corner recirculation is feeble for Re = 1.16 × 103. The most
relevant structure found in the enclosure bottom channel is the recirculation
near the plate located at (y∗, z∗) = (−0.31,−1.61) present for Re = 5.79× 103
as these recirculations close to the plate could aect the heat transfer.
Another comparison between the top and bottom behavior can be done by an-
alyzing the mean velocity v component proles for selected (x∗, y∗) locations.
In the case of Re = 5.79× 103 (Fig. 7.11) the highest mean velocity values are
found in the bottom of both enclosure channels. Even that similar behavior
is seen at lower z∗ of bottom channel where the mean velocity have the same
values that the ones obtained in the same location for the top channel. Figure
7.11a and 7.11 d shows a central symmetry between the top and bottom left
(right) vortex location like Fig. 7.11b and 7.11 c. This implicates that the
ow behavior at the top and bottom channel entrances are similar.
It is also interesting to observe the evolution of the cores. In the numerical do-
main cross section for Re = 600, (Fig. 7.12a) one can observe that the vertical
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7. UNHEATED CLOSED GEOMETRY
Figure 7.10: Numerical mean velocity eld streamlines and modulus (mm/s) throughout
the cavity, plane (y∗, z∗) at x∗ = 0 for (up to down) Re = 600, Re = 1.16 × 103 and
Re = 5.79× 103.
location of the cores (z∗) is practically the same for the right and left vortex
for both top and bottom channels. Figure 7.12b shows the horizontal location
(x∗) of the vortex centers (right and left vortices) display mirror symmetry
with respect to x∗ = 0 in each channel. In the top channel, the centers of the
vortices tend to go towards the cavity walls and then go to the center, staying
almost in the same position along the channel. In the bottom channel, the
horizontal position of the centers is initially at x = 0.93, reaching the value
x∗ = 0.66 (at y∗ = 2) remaining constant to the end of the channel.
To observe space and time evolution of the dynamic structures of the ow
the PIV multi plane was implemented (section 2.3). The measurements were
obtained at Reynolds number of Re = 613 based on the input section mean
velocity, corresponding to U0 = 2.5×10−2 m/s with the closed geometry plate.
Fig.3.13 shows the location of the measurements planes. One of them remains
xed for all the measurement series while the position of the second is changed.
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Figure 7.11: Closed geometry, Re=5.79 × 103, v component vs. z∗ at y∗ = 1.5, a Top
channel, b bottom channel, at y∗ = 3.5, c Top channel, d bottom channel of PCB model
and x∗ = −0.75 (red squares), x∗ = 0 (blue diamonds), x∗ = 0.75 (green stars).
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7. UNHEATED CLOSED GEOMETRY
Figure 7.12: Closed geometry, Re=600. Centers position, b Vertical, right vortex
(squares), left vortex (circles), b Horizontal, top channel (blue diamonds), bottom chan-
nel (green stars).
The xed plane was located at y∗ = 4 and the mobile plane was located at
y∗ = 3.5, 3 and 2. A total of three series of experiments were performed. In
each series a measure of the velocity eld at y∗ = 4 was taken.
The mean velocity elds for both xed and mobile planes were equivalent
to those obtained experimental and numerically for the top channel shown in
Fig. 7.4 and 7.2. The biggest dierence among the three averages was the
location of the two vortex centers, moving upwards as the ow moves away
from the entrance. It was observed that the horizontal (x) location of the
vortex centers do not change signicantly as Fig. 7.13 shows. Thus, the large
scale ow structure present in the upper part of the PCB model must be a
symmetric double counter-rotating vortex tube. The fact that two dierent
planes were recorded simultaneously in time allows a more detailed analysis of
the temporal-spatial evolution of the ow structures.
Fig. 7.14 and 7.15 shows the temporal correlation for the experimental
series measuring at y∗ = 2 and y∗ = 4. Auto-correlation (Fig. 7.14) of
the velocity data obtained at both positions indicated the existence of some
periodicity in ow structures and that the dierence among the instantaneous
patterns is small, since the correlation coecients are of the order of 0.8 for
y∗ = 2 and larger than 0.7 for y∗ = 4. Fig. 7.15 also gives evidence of the
temporal relation between ow structures in the two spatial locations analyzed.
Correlation coecients are still large (about 0.6 for small times) but are slightly
reduced with time. The periodic behavior shown in Fig. 7.14 is also present in
the Fig. 7.15. This could be explained thinking that the periodical structures
passing through the y∗ = 2 plane travels to the plane y∗ = 4, although the
individual ow structure has small changes as it travels causing a reduction on
the correlation coecients.
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Figure 7.13: Location of the vortex center a vertical b horizontal.
Figure 7.14: Auto-correlation function a y∗ = 2, b y∗ = 4.
Figure 7.15: Cross-correlation function between ow structures at y∗ = 2 and y∗ = 4.
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7. UNHEATED CLOSED GEOMETRY
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Temperature inuence in the
system
In all results presented in this section shall be considered that the plate that
models the PCB is heated and the uid is maintained at a constant tempera-
ture.
In numerical simulations the results presented in section 4.4 were taken
into account, so for a temperature dierence of ∆T = 10◦ C the variations in
physical properties are negligible.
The uid temperature was set at Tc = 20
◦ C while the plate temperature
was Th= 30
◦ C in one case and Th= 50
◦ C in other, thus obtaining temperature
dierences of ∆T = 10◦ C and ∆T = 30◦ C.
Experimental results were obtained for Re = 300, Re = 1.16 × 103 and
Re = 5.79 × 103 only for the open geometry considering both temperature
dierences. In turn, the numerical results were obtained for the same Reynolds
numbers for both open and closed geometry. The temperature dierence was
considered∆T= 10◦ C. Only for the higher Re, numerical results were obtained
considering a temperature dierence ∆T= 30◦ C, which involves considering
the physical properties dependent on temperature.
8.1 Flow behavior
8.1.1 Open geometry
Figure 8.1 shows the numerical mean velocity eld in the top channel at se-
lected (x∗, z∗) planes at Re = 5.79 × 103 and ∆T= 10◦ C. The gure shows
that the large scale structures found in the top channel are practically the
same as those obtained for the numerical simulations for the open and closed
geometries when the plate that models the PCB not heated (Figs. 6.3 and
7.2). The vector representation corresponds to the components u and w while
the v component of the mean velocity is represented by contours.
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
Experimental results at Re = (5735 ± 630) (Fig. 8.2) show that the large
scale structures found in the top channel are mostly the same as those obtained
for the numerical simulation (Fig. 8.1). At planes y∗ = 3.5 and y∗ = 1.5 a
Figure 8.1: Re = 5.79× 103 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB
model. Numerical mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and
y∗ = 5. Vectors u and w component, contours v component.
pair of small vortices can be seen in the lower corners, these structures are
obtained experimental and numerically. Observing the mean velocity elds in
the plane y∗ = 5 for experimental and numerical results we can see that they
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are quite similar although the experimental results are slightly more "disor-
dered" especially in the center of the plane (−0.5 > x∗ > 0.5), as happened
when no temperature dierence between the plate and the uid was considered
(Fig. 6.7). Nevertheless, some dierences between numerical and experimen-
Figure 8.2: Re = 5.79× 103 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB
model. Experimental mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and
y∗ = 5. Vectors u and w component.
tal results can be observed at y∗ = 0, which show that the vortices centers
obtained numerically are located closer to the cavity lateral walls and to the
plate, (x∗, z∗) = (−1.05,−0.60) and (x∗, z∗) = (1.1,−0.64), than those ob-
tained experimentally (x∗, z∗) = (−0.89,−0.40) and (x∗, z∗) = (0.89,−0.35).
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
Vortical structures presented at Re = 5.79 × 103 are not signicantly dif-
ferent from that obtained at Re = 1.16× 103.
Figure 8.3: Re = 300 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB model.
Experimental mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5.
Vectors u and w component.
This is the case when comparing the vortical structures at Re = 300 and
∆T= 10 ◦ C. Both numerically and experimentally results show important
dierences with the case where the temperature is homogeneous. Figure 8.3
show the experimental mean velocity eld for Re = 300 and ∆T= 10◦ C in
the top channel. In the plane y∗ = 1.5 the pair of small quasi symmetry
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counter rotating vortices situated in the center are still present (see Fig. 6.8)
and are located at the (x∗, z∗) = (−0.18,−0.18) and (x∗, z∗) = (0.34,−0.20).
While the bigger quasi symmetry counter rotating vortices appear somewhat
Figure 8.4: Re = 300 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB model.
Numerical mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and y∗ = 5.
Vectors u and w component, contours v component.
distorted in the central zone of the cavity. The vortex structures present in
the plane y∗ = 3.5 are less dened than in the plane y∗ = 1.5, these are spread
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
over the channel height and in turn concentrated in the central area of this
(x∗ = [−0.5, 0.5]). The large vortical structures have been displaced toward the
side walls of the cavity. Their centers being found at (x∗, z∗) = (−1.04,−0.55)
and (x∗, z∗) = (1.04,−0.57).
Numerical mean velocity elds for Re = 300 and ∆T= 10◦ C in the top
channel are shown in Fig. 8.4. The structures obtained by numerical simula-
tions in the plane y∗ = 1.5 are similar than the ones obtained experimentally.
In the plane y∗ = 3.5, have been found that the structures present in the enclo-
sure top channel have radically changed. Instead of a pair of quasi symmetry
counter rotating vortices occupying all the top channel, have been observed
two pairs of them. The pair of vortices which existed at the previous planes
now occupies less space and their centers are displaced toward the cavity lat-
eral walls, this behavior has also been observed experimentally. In the central
area of the cavity (x∗ = [−0.5, 0.5]), a pair of well-dened quasi symmetry
counter rotating vortices are observed, unlike the one experimentally observed
in the same zone the present vortex structures are more diuse. From the
Figure 8.5: Re = 1.16 × 103 at plane (x∗, y∗) in the passage channel of PCB model,
open geometry. Numerical mean velocity eld (mm/s) for a z∗ = −1, b z∗ = −1.25 and c
z∗ = −1.5. Vectors u and v component, contours w component.
82
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL AND EXPERIMENTAL MODELING OF FLUID FLOW AND HEAT TRANSFER PROCESSES IN COMPLEX GEOMETRIES 
Sylvana Verónica Varela Ballesta 




results obtained for the open geometry in the top channel of the cavity can be
seen that considering a temperature dierence between the plate and the uid
has more inuence on the structures that the Reynolds number (inlet veloc-
ity). Furthermore can be seen that the temperature inuence on the structures
shape and evolution is greater than the lower the Reynolds number.
Figure 8.5 shows the mean velocity eld in the plane (x∗, y∗) for dierent
values of z∗ at the passage channel. Where the components u and v are vectors
and the contours correspond to the component w. At planes z∗ = −1 and
z∗ = −1.25 the structures do not exhibit signicant dierences compared to
those obtained when no temperature dierence is considered between the plate
and the uid. The most notable dierence is present at z∗ = −1.25 where the
recirculation closed to the plate (component w sign change) is less localized.
This also occurs at the end of the passage channel (z∗ = −1.5) where besides
the vortical structures located at x∗ = [−0.5, 0.5] are weaker and less dened
than those obtained previously (Fig. 6.9).
Figure 8.6 show the numerical mean velocity patterns at the bottom chan-
nel for open geometry. The vector representation correspond to the compo-
nents u and w while v component is represented by contours as in the top
channel description. The large counter rotating vortices that exist along the
top channel cannot survive the change in ow direction required for the ow
to go from the top to the bottom channel. In the open geometry there are no
means for the ow to re-organize itself resulting on only smaller, weaker, vor-
tical structures created at the bottom channel (Fig. 8.6). It is also conrmed
by the experimental results. Figure 8.7 show the experimental mean velocity
eld for Re = 5735± 630. In this way, the structures present in the enclosure
bottom channel when considering a temperature dierence ∆T= 10◦ C are not
dierent from those obtained for the case of ∆T= 0◦ C.
Another way to see the inuence of temperature on the ow structures is
through the mean velocity eld modulus and the streamlines in the planes
(y∗, z∗) at x∗ = 0.
The experimental results presented in Figure 6.11 show the existence of
a strong recirculation close to the plate in the bottom channel depends on
the chosen Reynolds number. For Re = 300 in the case where there is no
temperature dierence between the plate and the uid, a localized recirculation
was observed in the passage channel while in the bottom channel no relevant
structure was present.
For this Reynolds number the change in the ow structures is evident by
introducing a temperature dierence between the plate and the uid, both for
∆T= 10◦ C and ∆T= 30◦ C. In both cases the mean velocity eld modulus
shows that in the passage channel has a high velocity zone that extends into
the bottom channel like a tongue, leaving low velocities in the area near plate,
as Fig. 8.8 shown. For the case with ∆T= 10◦ C we note that this area
is among the regions 3.5 ≥ y∗ ≥ 4.95 and −1 ≥ z∗ ≥ −1.9 presenting two
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
Figure 8.6: Re = 5.79× 103 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB
model. Numerical mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and
y∗ = 0. Vectors u and w component, contours v component.
stagnation points. One of them is situated in the channel passage at(y∗, z∗) =
(4.64,−1.33), whereas the other is located in the bottom channel (y∗, z∗) =
(4.11,−1.8).
When the temperature dierence is ∆T= 30◦ C the low velocities area is
more extensive localized in 3.35 ≥ y∗ ≥ 5.1 and −1 ≥ z∗ ≥ −2.1. Any stag-
nation point is observed in the passage channel while in the bottom channel
84
UNIVERSITAT ROVIRA I VIRGILI 
COMPUTATIONAL AND EXPERIMENTAL MODELING OF FLUID FLOW AND HEAT TRANSFER PROCESSES IN COMPLEX GEOMETRIES 
Sylvana Verónica Varela Ballesta 




Figure 8.7: Re = 5.79× 103 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of PCB
model. Experimental mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and
y∗ = 0. Vectors u and w component.
a stagnation point at (y∗, z∗) = (3.83,−1.80) and a recirculation at (y∗, z∗) =
(4.21,−1.98) are present. This recirculation is less important than those ob-
tained for higher Reynolds numbers, e.i. Fig. 6.11, because it is not adjacent
to the plate. The ow structures observed for Re = 1.16× 103 when no tem-
perature dierence between the plate and the uid is regarded are the same
as those obtained when temperature dierence of ∆T= 10◦ C and ∆T= 30◦
C are taken into account, Fig. 8.9.
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
Figure 8.8: Experimental mean velocity eld streamlines and modulus (mm/s) throughout
the cavity, plane (y∗, z∗) at x∗ = 0 forRe = 300 and∆T= 10◦ C (up) and∆T=30◦ C (down).
The greatest dierence is that the strong recirculation near the plate in the
bottom channel is more concentrated for ∆T= 10◦ C (y∗ = [3.6, 4.4]) while for
∆T= 30◦ C the structure in more extended (y∗ = [3.1, 4.5]).
When considering Re = 5.79×103 in the case where no temperature dier-
ence is introduced, the recirculation close to the plate in the bottom channel
is more concentrated being located at y∗ = [3.3, 4.5], Fig. 6.11. As can be
observed in Fig. 8.10, when considering the temperature dierences the re-
circulation appears more widespread, but in the same region y∗ = [3, 4.5] for
both temperature dierences.
Practically the same structures were obtained for each Reynolds number
of both experimental and numerically. The greatest dierence is the passage
channel recirculation that is not observed experimentally, however, numerically
this recirculation is present for all Reynolds numbers studied. Figure 8.11
shows the numerical mean velocity eld and the streamlines for Re = 5.79×103
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Figure 8.9: Experimental mean velocity eld streamlines and modulus (mm/s) throughout
the cavity, plane (y∗, z∗) at x∗ = 0 for Re = 1.16× 103 and ∆T= 10◦ C (up) and ∆T=30◦
C (down).
Figure 8.10: Experimental mean velocity eld streamlines and modulus (mm/s) through-
out the cavity, plane (y∗, z∗) at x∗ = 0 for Re = 5.79 × 103 and ∆T= 10◦ C (up) and
∆T=30◦ C (down).
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8. TEMPERATURE INFLUENCE IN THE SYSTEM
Figure 8.11: Numerical mean velocity eld streamlines and modulus (mm/s) throughout
the cavity, plane (y∗, z∗) at x∗ = 0 for Re = 5.79× 103 and ∆T= 10◦ C.
and ∆T= 10 ◦ C where the structures mentioned above can be observed. For
this case also found two small recirculations in the bottom channel close to
the edge of the plate, whose centers are located at (y∗, z∗) = (4.34,−1.52) and
(y∗, z∗) = (4.448,−1.54). All recirculations can lower the heat transfer in those
regions and they have to be avoided to prevent undesired localized mechanical
wear.
8.1.2 Closed geometry
Figure 8.12 shows the numerical mean velocity eld in the top channel at
selected (x∗, z∗) planes at Re = 5.79 × 103 and ∆T= 10◦ C for the closed
geometry. The vector representation corresponds to the components u and
w while the v component is represented by contours. As expected the ow
behavior in the top channel is practically the same as for the open geometry
(Fig. 8.1). Dierences occur at y∗ = 5, where the inuence of the opening is
important. Upstream of this location the large scale structures obtained are
almost the same and the structures are located in the same place.
Some dierences in ow structures are found in the passage channel for the
Re = 1.16×103 respect to the results obtained when no temperature dierence
is seen between the plate and the uid. Figure 8.13 show the mean velocity
eld in the plane (x∗, y∗) for dierent values of z∗.
Considering ∆T= 10◦ C, in the passage channel entry (z∗ = −1) can be
observed that the stagnation point moves towards the center of the channel
(x∗, y∗) = (0, 5). The w component distribution continues to be symmetric
but is more homogeneous than the results observed in Fig. 7.5a.
At half height of the passage channel (z∗ = −1.25) the pair of small vor-
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Figure 8.12: Re = 5.79 × 103 and ∆T= 10◦ C at plane (x∗, z∗) in the top channel of
PCB model. Numerical mean velocity eld for (up to down) y∗ = 0, y∗ = 1.5, y∗ = 3.5 and
y∗ = 5. Vectors u and w component, contours v component.
tices that appears in the corners are still present but are closer to the center
of the passage channel at (x∗, y∗) = (−0.28, 5.45) and (x∗, y∗) = (0.28, 5.45).
A pair of counter rotating vortices with centers in (x∗, y∗) = (−0.12, 5.07) and
(x∗, y∗) = (0.12, 5.09) appear. Close to the plate the velocity component w
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Figure 8.13: Re = 1.16 × 103 and ∆T= 10◦ C at plane (x∗, y∗) in the passage channel
of PCB model, closed geometry. Numerical mean velocity eld (mm/s) for a z∗ = −1, b
z∗ = −1.25 and c z∗ = −1.5. Vectors u and v component, contours w component.
has a sign change implying that recirculation occurs as in the case considered
previously, Fig. 7.5b. The two small symmetric recirculations on the side
walls of the passage channel are placed a little closer to the wall of the cavity
in the region y∗ = [5.25, 5.38], Fig. 8.13b. At the end of the passage channel
(z∗ = −1.5) the upper corner vortices disappear although a pair of vortices ap-
pears at the bottom corners, (x∗, y∗) = (−0.38, 4.6) and (x∗, y∗) = (−0.37, 4.6).
The pair of quasi symmetric counter rotating vortices present in the central
zone of the passage channel (z = -1.25) are more dened when arrive to the end
of the channel (z∗ = −1.5), maintaining its shape and being located somewhat
closer to the wall of the cavity. In this plane is important to note that the
recirculation zone (positive sign of the component w) near the plate occupies
the entire width of the channel homogeneously. While in the case where no
temperature dierence is considered, this recirculation is more localized in the
center of the entrance, see Fig. 8.13c. In the bottom channel the most relevant
case to analyze is when Re = 300 and ∆T= 10◦ C are chosen. as we have seen
in Fig. 8.4 structures along the top channel are dierent from those obtained
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Figure 8.14: Re = 300 at plane (x∗, z∗) in the bottom channel of PCB model. Numerical
mean velocity eld for (up to down) y∗ = 5, y∗ = 3.5, y∗ = 1.5 and y∗ = 0. Vectors u and
w component, contours v component.
for other Re. Figure 8.14 shows the numerical mean velocity patterns at the
bottom channel for Re = 300 and ∆T= 10◦ C. The vector representation cor-
responds to the components u and w while the v component is represented by
contours as in the top channel description. The ow contraction at the passage
channel results in a jet impinging onto the bottom channel lower surface that
leads to the creation of two new large counter rotating vortices as it can se in
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the plane y∗ = 5, Fig. 8.14. For other choices of Re and ∆T these counter
rotating vortices are maintained throughout the bottom channel, but in this
case can be seen that are present in the plane y∗ = 3.5 and disappeared from
the plane y∗ = 1.5. Thereby obtaining the same behavior observed in the top
channel.
Another way to visualize the ow behavior is plotting 3D streamlines.
When no temperature dierence was seen in the system, in the bottom channel
could be observed that the uid follows a quasi symmetric double spiral path
(Fig. 7.1b) whereas in Fig. 8.15 shows that the double spiral path is present
only up to about y∗ = 2 and then transformed into straight lines similar to
those obtained to the open geometry (Fig. 6.1b).
Figure 8.15: 3D streamlines, Re=300, bottom channel, closed geometry.
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In this section the mean temperature eld in the case where the temperature
dierence between the plate and the uid is ∆T= 10◦ C is discussed. Figure
8.16 shows the temperature contours in the open geometry for Re = 1.16×103
where can be seen that in the top channel the uid is scarcely inuenced by
the plate temperature except at very close distances to it.
Figure 8.16: Mean temperature contours in plane (y∗, z∗) at x∗ = 0, Re = 1.16× 103 and
∆T= 10◦ C.
Both in the passage and bottom channel the uid is more inuenced by the
temperature of the plate, but this inuence only represents a uid temperature
rise in 1◦ C in areas not close to the plate. This behavior is similar for dierent
Re, having more uid whose temperature rises at least 1◦ C for Re = 300 and
less uid for Re = 5.79× 103 but these variations are not really signicant at
the global level.
The greatest inuence of the plate temperature in the uid is presented
very close to it so mean temperature elds in the plane (x∗, y∗) at the cell
points in the z∗ direction nearest to the plate are studied. These planes are
located at h/65 of the plate, both in the top and the bottom channel (see Fig.
8.17).
The following sections will study the mean temperature elds in both ge-
ometries in top and bottom channels.
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Figure 8.17: Location of relevant planes, three dimensional representation of (x∗, y∗)
planes.
8.2.1 Top channel
Figure 8.18 shows the temperature contours in the upper part of the plate for
open geometry for Re = 300, Re = 1.16× 103 and Re = 5.79× 103.
Figure 8.18: Mean temperature led, open geometry. Plane (x∗, y∗) for Re = 300 (left),
Re = 1.16× 103 (middle) and Re = 5.79× 103 (right) with temperature dierence between
the plate and the uid of ∆T= 10◦ C.
For the all considered Reynolds numbers, the lower temperature zone co-
incides with the entrance area of the uid in the cavity having a dierence in
temperature values for each Re.
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For Re = 300, the uid temperature is practically the same as the plate
along the entire cavity having a little variation in the proximity of the passage
channel. For Re = 1.16 × 103 and Re = 5.79 × 103 the areas with a higher
temperature change match the location of the larger counter-rotating vortices
(Fig. 6.1).
Figure 8.19: Mean temperature led, closed geometry. Plane (x∗, y∗) for Re = 300 (left),
Re = 1.16× 103 (middle) and Re = 5.79× 103 (right) with temperature dierence between
the plate and the uid of ∆T= 10◦ C.
For the closed geometry, with the same setting described above, the mean
temperature eld is the same that obtained for the open geometry at least
until the passage channel as Fig. 8.19 shows.
It could be seen that the heat transfer between the uid and the plate is
relative equivalent for both geometries for the selected Re.
8.2.2 Bottom channel
The biggest dierences in the mean temperature distribution appear in the
bottom side of the plate for both geometries.
The small, weaker, vortical structures present in the open geometry result
in a higher values of temperature eld along the channel (Fig. 8.20). For this
geometrical conguration for Re = 5.79 × 103 a hot region located near the
passage channel at y∗ = 4.2 is detected, matching with the recirculation region
observed in Fig. 6.11. Moreover, a higher temperature spot near the output
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region (y∗ = 0.6) is observed. These hot spots increase the PCB's warming
problems and therefore could reduce their eciency and lifespan.
Figure 8.20: Mean temperature led, open geometry. Plane (x∗, y∗) for Re = 300 (left),
Re = 1.16× 103 (middle) and Re = 5.79× 103 (right) with temperature dierence between
the plate and the uid of ∆T= 10◦ C.
For the closed geometry two large vortices (Fig. 7.1 and 7.7) are generated
by the jet impinging onto the bottom channel, that has a lower temperature
(Tc = 20
◦ C). These ow structures in the bottom channel are responsible
for the decreasing of the temperature in some regions of the lower side of
the plate (Fig. 8.21). For Re = 1.16 × 103 and Re = 5.79 × 103 the lower
temperature coincides with the vortices location (about x∗ = ±1.25) while the
higher temperatures are located in the channel output zone (y∗ = 0.5). As
found for the open geometry, for Re = 5.79 × 103 a higher temperature spot
near the output region (y∗ = 0.6) is observed though less localized.
From the temperature contours plotted in Fig. 8.20 and Fig. 8.21 it can be
stated that the cooling of the PCB is more ecient for the closed geometry.
For both geometries the top channel shows a similar behavior, but for the
bottom channel the open geometry depicts hot spots that could generate prob-
lems on the PCBs operation.
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Figure 8.21: Mean temperature led, closed geometry. Plane (x∗, y∗) for Re = 300 (left),
Re = 1.16× 103 (middle) and Re = 5.79× 103 (right) with temperature dierence between
the plate and the uid of ∆T= 10◦ C.
8.3 Heat transfer
8.3.1 Nusselt vs. Reynolds
The Nusselt number (dened in section 4.4) is one of the most important
parameter in convective heat transfer problems. Convection intensity is deter-
mined by the value of Nusselt number. The mean Nusselt number of plate is
calculated in order to realize the heat transfer phenomenon around the heat
source. The Nusselt number values are obtained, as the temperature elds, in
the plane (x∗, y∗) parallel to the plate at h/65 of this, both in the top and the
bottom channel.
In this section we study the variation of mean Nusselt number (Nu) as a
function of Reynolds number for both geometries. In all cases numerical results
are presented, considering constant physical properties and the temperature
dierence between the plate and the uid of ∆T= 10 ◦ C. The mean Nusselt
number is calculated through the averaging in two directions (x∗ and y∗).In
the closed geometry the area used to obtain such mean value is 13% higher
than in the open geometry.
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Figure 8.22: Mean Nusselt number vs. Re for the closed geometry with ∆T = 10◦ C in
top (red) and bottom (blue) channel.
Figure 8.23: Mean Nusselt number vs. Re for the open geometry with ∆T = 10◦ C in
top (red) and bottom (blue) channel.
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Figure 8.22 shows the behavior of Nu as function of Re in the closed
geometry, both in the top and the bottom channel. Where it can be seen
that the heat transfer (Nu) is greater in the top channel than that in the
bottom one, for all Re studied. Also having the same behavior. As observed
for the closed geometry, heat transfer in the open geometry is greater in the
top channel at the bottom. Although in this geometry the dierence between
the two channels is much greater as Fig. 8.23 shows.
Figure 8.24 shows the behavior of Nu as function of Re in the top channel
for both geometries. For low Re the heat transfer into the top channel is 5%
higher in the closed geometry than in the open one, for Re = 1160 the heat
transfer is the same for both geometries while to higher Re, the heat transfer
is 2% higher in the open geometry than in the closed one. In the bottom
Figure 8.24: Mean Nusselt number vs. Re in the top channel of PCB model with∆T = 10◦
C for closed (stars) and open (diamonds) geometries.
channel, for all values of Re the heat transfer is larger for the closed geometry
than for the open one, which is was expected from the results presented in
Figs. 8.20 and 8.21. Being these diernces higher by 10% for low values of Re
up to 80% for higher Re ones, it can be seen in Fig. 8.23.
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Figure 8.25: Mean Nusselt number vs. Re in the bottom channel of PCB model with
∆T = 10◦ C for closed (stars) and open (diamonds) geometries.
8.3.2 Nusselt vs. y*
In this section the behavior of mean Nusselt number as function of y∗ position
for dierent Reynolds numbers in the region of −0.5 = y∗ = 4.5 will be
analyzed, Fig. 8.28. In this region the behavior of Nu in the top channel is
the same for both geometries. The mean Nusselt number is calculated through
the averaging in the x∗ direction.
In the top channel, both in closed and open geometry there is a strong Nu
uctuation in the region that matches the input channel at y* = [-0.5,0.5]. It
should be noted that the Nu value in the rear wall of the cavity (y∗ = −0.5) is
the same for all Reynolds numbers (Nu = 200) because the wall temperature
is set at Tc= Tref = 20
◦ C (boundary condition), independent of the inlet
velocity. What it depends on the Re is the range of mean Nusselt number
values, being higher the greater the Re. The aforementioned uctuation has
at least a sharp minimum followed by a maximum and coincides with the jet
impinging onto the plate produced when the uid enters to the cavity. From the
maximum the Nu values decreases until y∗ = 4 to increases near the passage
channel (y∗ = 4.5), this behavior is veried for Re greater than Re = 1160.
For Re = 100, 300 and 600 the behavior described above is only maintained
until y∗ = 1.
For Re = 100, from y∗ = 1, we see that the heat transfer increases to remain
practically constant, with values higher than those obtained for Re = 300 for
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Figure 8.26: Mean Nusselt number vs. y∗ in the top channel for the closed geometry with
∆T = 10◦ C for Re = 100 (blue), Re = 300 (red), Re = 600 (magenta), Re = 1160 (cyan),
Re = 3000 (green), Re = 5790 (black), Re = 8000 (blue, dash line), Re = 10000 (red).
1.4 = y∗ = 4.5 and higher than those obtained for Re = 600 in 1.86 = y∗ =
3.31.
Unlike what happens in the top channel, in the bottom channel are seen
remarkable dierence in the behavior of the Nusselt number between the ge-
ometrical congurations studied as Figs. 8.28 and 8.28 show. In the closed
geometry can be seen that at y = 4.5 presents the maximum values of the Nus-
selt number to decrease until reach the area of the channel output y∗ = 0.5.
The decrease rate depends on Re, being greater for higher Reynolds numbers.
This behavior is consistent with the temperature elds shown in Fig. 8.21.
For low Re (100, 300and600) shows that from y∗ = 1 dierent mean Nu
converge to the same value (Nu = 12) and in y∗ = −0.5 presents a great growth
because the wall boundary condition, as in the top channel. For Re = 1160
in the region −0.5 = y∗ = 0 presents a uctuation similar to that observed
in the top channel, although it is even more sharp minimum and maximum is
narrower. In the open geometry, the region 4 = y∗ = 4.5 shows a minimum
for the Re greater than 1160. This minimum coincides with the recirculation
zone seen in Fig. 6.12. Furthermore the Nu values at y∗ = 4.5 are lower than
those observed in the closed geometry. In region 1 = y∗ = 4 the mean Nu
decreases and 1 = y∗ = 0 there is a new minimum sharper of the higher Re.
This minimum coincides with the hot zone seen in Fig. 8.20. The behavior at
−0.5 = y∗ = 1 is similar to that obtained for the closed geometry.
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Figure 8.27: Mean Nusselt number vs. y∗ in the bottom channel for the closed geometry
with ∆T = 10◦ C for Re = 100 (blue), Re = 300 (red), Re = 600 (magenta), Re = 1160
(cyan), Re = 3000 (green), Re = 5790 (black), Re = 8000 (blue, dash line), Re = 10000
(red).
Figure 8.28: Mean Nusselt number vs. y∗ in the top channel for the open geometry with
∆T = 10◦ C for Re = 100 (blue), Re = 300 (red), Re = 600 (magenta), Re = 1160 (cyan),
Re = 3000 (green), Re = 5790 (black), Re = 8000 (blue, dash line), Re = 10000 (red).
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The ow within a simplied model of a printed circuit board enclosure has
been analyzed experimentally and numerically. The LFC-PIV technique has
been used to obtain the velocity elds from the recorded instantaneous im-
ages. In addition, an experimental technique that allows the measurement
of two simultaneous velocity planes has been designed and implemented. The
numerical simulation has been done using the caa3d software. This allows ob-
taining instantaneous 3D information of dynamic eld in the PCB model. Two
geometrical congurations of the PCB plate have been analyzed for dierent
inlet velocity cases. Numerical and experimental results have been compared
nding the similar ow structures at the same locations. All the techniques
implemented have been shown to be very useful in the analysis of the turbulent
ows in complex domains.
The results obtained show that the ow structures present in the top chan-
nel are a pair of quasi-symmetric counter rotating vortices for both geome-
tries. In the bottom channel the ow behavior depends on the geometry, for
the closed one it remains the pair of quasi-symmetric counter rotating vortices
while in the open geometry these structures disappear giving way to smaller
ones.
Through the measurement of two simultaneous velocity planes can be seen,
by the auto and cross correlations, that the pair of quasi-symmetric counter
rotating vortices have periodicity which is maintained in time.
The ow behavior is also sensitive to the Re, meaning that it depends on the
inlet uid velocity. Although for both geometries the large vortex structures
in the top channel are not very concerned.
The existence of a recirculation region beneath the plate at the entrance of
the bottom channel obtained previously [1] for the open geometry was veried.
It has been stated that this ow recirculation changes with Re. It has been
clearly established that it exits for Re = 1160, but there is not any evidence
that it exist at lower Re numbers.
This structure also has the inuence of the geometry, since it is present
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only in the open geometry and is of great importance as it has associated a
hot spot in the plate that could increase the warming problems and a reduction
of the PCB's eciency and lifespan.
A small recirculation is observed in the passage channel near the plate, this
recirculation is observed for all Re in both geometries when the temperature
dierence between the plate and the uid is not considered. For temperature
dierences of ∆T = 10◦ C and ∆T = 30◦ C, the recirculation in passage
channel is only present for high Re.
The temperature elds in both geometries show the inuence on the choice
of Re. In the top channel, the mean temperature eld is the same for both
geometries at least until the passage channel for all Re studied. In the bottom
channel, for the closed geometry, the presented ow structures are responsible
for the decreasing of the temperature in some regions of the lower side of
the plate. The lower temperature coincides with the vortices location while
the higher temperatures are located in the channel output zone. While in
the open geometry the small, weaker, vortical structures presented result in a
higher values of temperature eld along the channel.
The heat transfer between the PCB and the uid has been studied by
means of the computation of the Nu number. The behavior of the mean
Nusselt numbers as function of y∗ position for dierent Re is the same for
both geometries in the top channel. In the bottom channel this behavior is
dierent depending on the geometry and the variations are consistent with the
ow structures present in each case.
The greater heat transfer is obtained in the top channel for both geometries.
In turn in the bottom channel the heat transfer is greater (up to 80% more)
in the closed geometry than in the open one.
The results obtained indicate that the cooling of the PCB is more ecient
for the closed geometry. Small changes in the PCB geometry modify the
velocity ow eld allowing the formation of new vortical structures in the
bottom channel of the PCB that enhance the heat transfer between the uid
and the plate
During the work it has also been stat the important of considering uid
physical properties in the numerical simulation when the ∆T is greater than
10◦ C.
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